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This dissertation explores methods for the creation and chemical 
modification of micro- and nano- featured morphologies with intricate, three 
dimensional (3D) structures for tunable functionality. Nature provides highly 
evolved structures with optical properties (butterflies) and adhesive properties 
(pollen) that can be utilized in conjunction with engineering materials to tailor 
and enhance these functional properties. This research is focused on 
understanding how to apply thin conformal inorganic coatings to intricate 3D 
biological templates and how to convert such bio-organic coated templates 
into inorganic replicas, as a method to generate intricate, hierarchical (macro-
to-micro-to-nanoscale) structures with tailorable optical and/or adhesive 
properties.  
The use of complex oxides provides new opportunities for replica 
functionality, but introduces new complications in controlling the phase purity. 
Five research areas will be presented in this thesis document: First, robotic 
coating systems were designed and fabricated to facilitate the surface sol-gel 
(SSG) coating process used in this research. These robotic coating systems were 
developed to deposit reproducible layer-by-layer (LbL) coatings and were used 
to conduct over 6000 SSG deposition cycles, with over 3000 hours of manual 
labor saved.   
Second, freestanding photoluminescent samarium-doped titania replicas 
of P. sesostris green dorsal wing scales were synthesized via LbL SSG deposition 
and subsequent morphology-preserving thermal treatments to create replicas 
xxii 
 
that maintained the structural color from the native photonic crystal while 
adding a tailorable optical response via the photoluminescent replication 
material.  
Third, freestanding ferroelectric (barium titanate) replicas of sunflower 
pollen were produced via LbL SSG deposition and controlled atmosphere 
thermal treatments, to allow for tailorable electrostatic adhesion.   
Fourth, the deposition behavior of the SSG coating process using a quartz 
crystal microbalance (QCM) were investigated for Ti(IV) isopropoxide, Ba(II) 
isopropoxide, and a mixture of 20%at Sn(IV) isopropoxide and 80%at Ti(IV) 
isopropoxide. For Ti(IV) isopropoxide, the kinetic mechanism (rate limiting step) of 
reaction was evaluated and the regimes of liquid phase diffusion control and 
chemical reaction control were identified. A precursory analysis of the chemical 
reaction of the adsorption of Ti(IV) isopropoxide onto amorphous SiO2 indicated 
that a 1st order reaction with respect to the adsorbate best described the 
adsorption process. This work is expected help guide future research on SSG thin 
film coatings and replication.  
Finally, a synthetic silica inverse opal structure was coated via the SSG 
method to demonstrate the use of such conformal coatings on inorganic 
templates. A high index coating material of 20% at Sn(IV) isopropoxide and 
80%at Ti(IV) isopropoxide was used and the as-coated and fired spectra were 
analyzed. It was determined that the deposition of 20%at Sn(IV) isopropoxide 
and 80%at Ti(IV) isopropoxide via SSG occurred via submonolayer-by-




CHAPTER 1: Summary and Motivation 
1.1 Summary and Motivation 
Naturally occurring structures that couple multiple modes of functionality 
demonstrate the ability to combine structural and chemical functionality. Thus 
the structure of bird feathers may reflect blue light while the pigment of the 
feathers adsorbs everything but yellow so that the perceived color is green.[1] 
The ability to combine structural and chemical functionality is critical to 
achieving the properties necessary for many applications including optics, 
batteries, and anti-counterfeiting. The use of biological structures (such as 
diatoms, [2] butterflies[3, 4], beetles[4], and pollen particles[5]) as templates 
offers unique  opportunities because nature has demonstrated mass production 
of precise three-dimensional (3D) structures with features on both the nanometer 
and micrometer scale. Biological templates often utilize  structure-enabled 
properties (e.g., unique optical[6], and adhesive[7] properties), which can be 
prohibitively expensive to mimic synthetically. However, the natural chemical 
composition of such structures have only limited engineering applications due to 
structural, thermal, and/or chemical instability. Through conformal coating of the 
biological templates (e.g. butterfly scales and pollen), and subjecting coated 
templates to morphology-preserving chemical reactions, the intricate structure 
may be maintained while tailoring the chemical composition to enhance 
functionality. The optical properties may be enhanced by selection of a coating 
material with fluorescent properties, and electrostatic adhesion can be 
enhanced by the selection of ferroelectric materials.[8] 
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The primary focus of this research has thus been to develop coating and 
processing methods to replicate synthetic and bioorganic templates in 
functional materials so that adhesion and coloration may be tuned. 
 
1.2 Introduction 
1.2.1 Bioorganic Templates 
Prior work has demonstrated the bioorganic structures (e.g. diatoms,[2] 
butterflies,[3, 4] beetles,[4] and pollen particles[5]) can be utilized as templates 
for coating and chemical conversion to maintain structural properties while 
adding new functional materials properties(e.g. optical, chemical, and 
magnetic).  These biogenic replicas have potential applications such as anti-
counterfeiting,[9] catalysis,[10] and chemical filtration.[2] Recently, pollen 
particles have been used as a template for coating and conversion into 
magnetic materials for the purpose coupling magnetic and van der Waals 
forces.[11] However, little work has been done to show multimodal coloration in 
biological replicas of the structural color from a photonic crystal and the 
photoluminescence of the replica material or the interaction and coupling of 
electrostatic and van der Walls forces.[12] Additionally little work has 
investigated directly coating complex multifunctional oxides onto biological 
structures.[13] Prior work has relied on complicated microwave hydrothermal 
post processing to add fluorescent properties to oxide replicas.[9] 
The Parades sesostris butterfly green dorsal wing scales provide desirable 
templates due to the structural color of their polycrystalline photonic structure 
[14, 15] and the chitin material that composes the structure of the butterfly which 
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has an abundance of hydroxyl groups.[14, 15] Pollen is a desirable template due 
to the variety of pollen particle shapes, with each pollen species possessing a 
unique structure, shape, and size.[16] Both pollen and the P. sesostris are 
inexpensive and readily available, in a wide variety of morphologies, and 
naturally designed to be functional (the P. sesostris to be colorful and pollen to 
be dispersible and adhesive). Pollen grains are made of dicarboxylic acids that 
form the outer exine structure.[17] Both the chitin of the P. sesostris and the acids 
of the pollen have an abundance of hydroxyl/carboxyl groups that are 
necessary for a conformal coating to be deposited via LbL SSG processing 
without the need of a preprocessing amplification of the surface functional 
groups. Pollen shapes can vary widely and generally can be divided into two 
groups. Pollen with smooth exines tend to be wind-borne pollinators, as pollen 
from plants that utilize insects for pollination have higher aspect echini 
(spines).[18]  
 
1.2.2  Surface Sol-Gel Processing 
The layer-by-layer (LbL) surface sol-gel (SSG) coating technique is a 
method used to apply sub-nanometer metal oxide coatings onto a hydroxyl- or 
carboxyl- rich surface.[19] The LbL process is facilitated by surface limited 
reactions allowing for thin conformal coatings on intricate 3D structures. The 
process starts with a clean substrate with exposed hydroxyl or carboxyl groups. 
This functionalized surface is incubated with an alkoxide precursor to allow for 
chemisorption of the precursor onto the surface via reaction with the functional 
groups. The substrate being coated is thoroughly rinsed with anhydrous IPA to 
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remove any excess, non-chemisorbed precursors. The surface is then 
hydroxylated by incubating in water which, after incubation, is rinsed away with 
more anhydrous IPA. To avoid mud cracking, each deposition cycle is 
concluded by drying the sample.[20] The SSG process can then be repeated in 
an LbL fashion until the desired coating thickness and composition are obtained. 
It is important for achieving conformal and repeatable coatings with a wide 
range of thicknesses that this process be repeated reliably across thousands of 
individual coatings. To maintain this level of precision, the writer developed a 
robotic coating system to apply the coatings with incubations times accurate to 
a fraction of a second. 
A range of different chemistries can be applied with SSG to create 
tunable-thickness, conformal coatings onto intricate 3D templates. Coatings with 
compositions of TiO2, SnO2, SnxTi1-xO2, BaTiO3 and Fe3O4 have been directly 
deposited onto butterfly and diatom templates.[2, 3, 21, 22]. Doping TiO2 with 
SnO2 has been shown to induce the crystallization of rutile titania at low 
temperature (450 oC) due to the low temperature crystallization of cassiterite 
(SnO2) which provides nucleation sites.[22] To date, SSG has been utilized as a 
coating method to form binary compound and doped-binary compound 
replicas from various templates, but with limited work being done to directly 
synthesize complex oxide compounds such as BT or BST. No work has yet 
investigated using both doped solutions and alternating single precursor 
exposure to directly apply complex multifunctional oxide coatings such as BaxSr1-




1.2.3  Functionality 
1.2.3.1 Coloration 
1.2.3.1.1 Structural Color 
Structural color can arise from constructive and destructive interference in 
reflected light off of a periodic structure. A commonly known photonic crystal is 
the inverse opal structure, which is a relatively simple structure when compared 
to the gyroid structure.[15] The gyroid structure like other PCs has an angular 
dependence to its spectral reflectance.[14] To minimize this variability, the P. 
sesostris has a ridge structure that suppresses iridescence. For the purposes of 
consistent measurements, it is necessary to always orient the P. sesostris wing 
scale normal to the optical axis. Figure 1 shows the intricate internal structure of 




Figure 1: (a) The male butterfly, Parides sesostris © Smithsonian Institution National Museum of 
Natural History (Inset) Bright field optical image of the green scales attached to the forewing, 
forming the green patches. (b) Focused Ion Beam (FIB) cross-section of a single, green scale 
showing the three structural features known in the literature: polycrystal and a ridge structure 
composed of a nanotube array and a periodic fin structure. (Inset) single green scale showing the 
direction of the cross-sectional cut (dotted line).[12] 
 
1.2.3.1.2 Photoluminescence 
Photoluminescence (PL) is the effect when high energy photons strike a 
material and cause an electron to become excited from its current state, when 
the electron drops back to its original energy state, though intermediate states, it 
releases a photon of lower energy. The released lower energy photons are the PL 
that is emitted from the material. There is a special case of PL where an electron 
is excited more than once before it undergoes radiative decay. This is called 
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upconversion and has the ability to release a photon that has more energy than 
one of the photons that excited it.  
 
1.2.3.2 Adhesion 
1.2.3.2.1 Van der Waals Forces 
The adhesion forces between native pollen and various surfaces have 
previously been investigated by Meredith, et al.[7] The van der Waals (VDW) 
adhesive force was studied between Ragweed (A. artemisiifolia) and planar 
surfaces, such as polystyrene and polyamide.[7] Understanding how VDW force 
effects pollen adhesion is important in separating the effect of increased 
adhesion due to the introduction of new electrostatic adhesion and the 
increased VDW adhesion from having a replica made of material with a higher 
Hamaker constant. The adhesive force between a pollen particle and a flat 
substrate can be measured by attaching a pollen or pollen replica to an atomic 
force microscope (AFM) cantilever tip and measuring the adhesion to flat 
substrates. Previous work by Lin, et al.[23] has reported that the measured VDW 
force can be accurately modeled by using the radius of a spine in the Hamaker 
model. The VDW force of a single hemisphere near an infinitely large flat plate 








In the equation above, R is the radius of the tip of a pollen contact, D is the cut 
off separation distance, taken to be 0.165 nm and A132 is the non-retarded 
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Hamaker constant for the material.[24, 25] The non-retarded Hamaker describes 
the interaction between the pollen hemispherical material, the planar material, 
and the medium in between the two surfaces. The non-retarded Hamaker 
constant is approximated for this system by combining the contributions from 

































In this equation, h is Planck’s constant, k is Boltzmann’s constant, T is the 
temperature, ve is the media absorption frequency, ɛ1, ɛ2 and ɛ3 are the dielectric 
constants, n1, n2 and n3 are the refractive indices of the surface, medium, and 
particle. For an uncoated native sunflower pollen and a silicon wafer with a 
medium of air, the Hamaker constant has been calculated to be 0.83x10-19 J.[23] 
For barium titanate and strontium titanate particles adhering to silica in air, the 
Hamaker constants are 1.76-1.93 x 10-19 J and 1.48 x 10-19 J respectively.[26] 
Through understanding of the materials involved in the adhesion system (particle, 
planar substrate, and medium) the non-retarded Hamaker constant can be 
calculated. From analysis of the pollen particle or replica using scanning electron 
microscopy( SEM), the radius of curvature of the contacting surface can be 
measured and then the adhesive force from VDW adhesion can be calculated 
over the distance in which VDW adhesion has an effect (<0.165 nm). These 
theoretical calculations can be used to verify the validity of direct measurements 
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and later account for part of the adhesive force when electrostatics becomes a 
factor in adhesion. 
 The experimental method for measuring the VDW force on a pollen 
particle involves the use of an atomic force microscope (AFM). To measure the 
adhesion force, a pollen particle or replica is first attached to a cantilever tip 
with a known spring constant. The deflection of the cantilever is measured after 
the pollen particle contacts the surface and is then pulled back. Such deflection 
is used to directly calculate the adhesion of the particle by multiplying the 
maximum deflection on removal by the spring constant of the cantilever tip. A 
typical plot showing the interaction of a single pollen tip as it is brought near a 
surface, adheres, and is removed from the surface can be seen in Figure 2.  
 
Figure 2: Diagram of characteristic force curve for a sample with adhesive force measured on an 
AFM. Courtesy of Dr. Goodwin 
In the above figure, the cantilever with pollen attached is moved down 
towards the surface (position 1). At position 2 the particle has come close 
enough to the surface to jump and become adhered to the surface. At position 
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3, the cantilever is pressing the pollen particle to the surface and is deflecting 
upwards. As the cantilever is then pulled back from the surface, the deflection 
becomes zero at position 4. Position 5 is the point of maximum downward 
deflection and is what is used to calculate the adhesive force. At position 6, the 
particle has released from the surface and the cantilever is displaying no 
deflection, and at position 7 the particle has returned to its original position 1. The 
force measured by using the deflection between position 5 and position 6 can 
be used to verify the validity of the calculations performed using Equations 1 and 
2.  
 
1.2.3.2.2 Electrostatic Adhesion 
Electrostatic adhesion is commonly simplified to only be defined by the 









This is an easily understood approximation where Q is the charge on the 
surface of the particle, R is the distance of the particle to the conducting 
surface, ε0 is the permittivity of free space and α is a correction factor for the 
polarization of the dielectric particle (α  is commonly assumed to be unity, but 
this approximation does not yield accurate results when compared to 
experimentation when using particles with high dielectric constants).[28] 
Electrostatic adhesion is a complicated and in some ways a poorly understood 
field.[29] A large portion of the research in this field comes from charged toner 
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adhesion research from printer companies which are commonly focused on 
particles with dielectric constants less than 5.[28, 30-33] The force on a dielectric 
particle near a substrate has been evaluated for many different conditions.[27, 
30, 34-36] For all conditions, the following equation is used to evaluate the 







+ 𝛽𝑄𝐸 −  𝛾𝜋 0𝑅
2𝐸2 (4) 
 
In this equation, the first term on the right side of the equation represents the 
electrostatic image force due to the charge on the particle and its attraction to 
its image in the substrate. The second term is the Coulombic force generated 
from the interaction of the charge on the particle and the external electric field. 
The third term is the attraction of the polarization of the dielectric particle in the 
external field to its mirror image in the substrate. Q is the charge on the particle, 
ε0 is the vacuum permittivity, R is the radius of the particle, E is the externally 
applied field, and α, β, and γ are dimensionless coefficients that depend on the 
dielectric constant of the particle material, the geometry of the particle and 
electrodes, etc. Multiple methods for determining the constants have been 
demonstrated by Feng et al.[37] and by Hartman et al.[36] These methods 
demonstrate both how to calculate the coefficients via numerical methods and 
also via testing under controlled conditions (i.e. E = 0 or Q = 0) to simplify the 
equation to solve for the coefficients individually.   
 Davis et al. has analytically analyzed the electrostatic adhesion force of a 
dielectric particle near a conducting flat plate.[38] In that work, two scenarios 
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were analyzed, the first was for a dielectric particle in an electric field near a 
grounded plate and the second was for a charged sphere near a grounded 
plate. In both scenarios, as the dielectric constant of the sphere increased, the 
electrostatic adhesion force increased.   
 
1.2.4 Functional Materials 
1.2.4.1 Lanthanide Doped Titania 
Titanium dioxide (TiO2) is a commonly-used host material for lanthanides 
(Erbium, Samarium, Europium, Neodymium) [39] for achieving 
photoluminescence (PL), due to its large band gap (3.2 eV).[40] Titania can be 
doped with trivalent Erbium (Er3+) to produce a greenish PL[40] or it can be 
doped with trivalent samarium (Sm3+) to produce a reddish PL color when 
excited with UV light (~350 nm).[41]  In both cases, the material retains an overall 
whitish color when not excited by high energy photons. Both Erbium and 
Samarium are reported to dope via substitution defects at the Ti4+ sites.[39]  
The optimal amount of samarium in titania to produce PL is approximately 
1%.[41] Trivalent samarium doped into a titania matrix produces a reddish PL due 
to the excitation of the electrons from the valence band of titania to the 
conduction band and subsequent transfer of energy to the samarium atoms and 
excitation of electrons to the 4G5/2 energy level, upon which radiative relaxation 
occurs and produces PL. The four main bands of PL from Sm3+ are due to the 
relaxation of electrons from the 4G5/2 energy level to the 6H5/2, 6H7/2, 6H9/2 and 
6H11/2 energy levels which produce 580 nm (yellow), 613 nm (orange), 666 nm 





Figure 3: Energy transfer mechanism in anatase Titania doped with trivalent samarium for 
producing reddish light.  
 
Trivalent Erbium doped into titania can be excited by high energy light 
(UV), but it also has the less common mode of PL known as upconversion. 
Upconversion involves the repeated excitation of an electron with a lower 
energy photon than that ejected upon PL. Patra et al. found that doping 0.25% 
at erbium in titania produced the strongest PL.[42] In Er3+ doped titania, PL 
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induced by upconversion occurs when 970 nm light excites electrons from the 
4I15/2 to the 4I11/2 which is then excited to the 4F7/2.  Non-radiative decay from the 
4F7/2 to the 4S3/2 is followed by radiative decay to produce green (500 nm) PL (see 
Figure 4). [42]  
 
Figure 4: Upconversion in Erbium doped titania involves the repeated excitation of electrons before 
PL occurs in the visible spectrum. 
 
1.2.4.2 Barium Titanate 
Barium Titanate (BaTiO3, BT) is a ferroelectric ceramic with an ABO3 
perovskite crystal structure. At 120°C, BT undergoes a phase transformation from 
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FCC into a tetragonal crystal which is ferroelectric.[43] This cubic to tetragonal 
phase transformation distorts the TiO6 octahedra causing a spontaneous 
polarization which is the source of the relatively high dielectric constant of BT. 
When the BT is below the Curie temperature the c dimension is elongated and 
the Ti4+ is displaced along the axis. The average polarization in polycrystalline BT 
caused by the lattice distortion is typically zero unless an external electric field, 
magnetic field, or mechanical stress is applied. By transforming BT by cooling 
from the cubic to the tetragonal polymorph in the presence of an applied 
electromagnetic field, it is possible to align the net polarization of the grains to 
create a net directionally-oriented polarization that can allow for strong 
electrostatic attraction. 
BT also has wide band gap (3.2 eV)[44] and can serve as a host lattice for 
lanthanide elements to create photoluminescence materials.[45] Dopants can 
be hosted on only A sites, only B sites or can occupy both sites. When the ionic 
radius of the dopant is less than 0.87 Å, the dopant will only occupy B sites (ex. 
lutetium R=0.861).[45] If the ionic radius is greater than 0.94 Å, such as 
Samarium(R=0.958), it will only occupy the A sites.[45] Many dopants, like Er fall 
between these bounds and can occupy either site and are referred to as 
amphoteric dopants.[45] BT’s PL intensity is two orders of magnitude more 
intense than TiO2 (with the same level of dopant, 0.25%at).[42] When doped with 
erbium atoms and excited with 975 nm light, BT can undergo a two photon 
upconversion process and emit light at 550 nm and 670 nm.[42] [46] This 
upconversion process can allow for a unique optical signature for the pollen 




1.2.4.3 Barium Strontium Titanate 
Barium Strontium Titanate (BaxSr1-xTiO3, BST) like BT can be a ferroelectric 
ceramic with an ABO3 perovskite crystal structure. BST is a solid solution of 
Strontium Titanate and Barium Titanate with lattice parameters between that of 
ST and BT.[47], [48] Vegard’s law can be used to estimate the lattice parameters 
of BST over the range of possible compositions (see Equation 5).[49], [50] 
 
 
𝑎𝐵𝑆𝑇 = 𝑥𝐵𝑇𝑎𝐵𝑇 + (1 − 𝑥𝑆𝑇)𝑎𝑆𝑇  (5) 
 
Here, aBST, aBT, aST, represent a lattice parameter for BST, BT, and ST, respectively. 
xBT, and xST are the atomic fraction of BT and ST in the solid solution. XRD has been 
used to show that over the complete range of ST to BT only a single phase is 
present.[47] Additionally, the lattice parameter √𝑎2𝑐
3
 and the composition 
showed a very close relationship to Vegard’s law.[47]  
Also because the Curie temperature of ST is near 35 Kelvin[51], [52] that of 
BT is around 393 Kelvin. Hence, by controlling the ratio of barium to strontium, it is 
possible to tune the Curie point.[53]  [54] Furthermore, the dielectric constant of 
a ferroelectric material is dependent on temperature. When a material is near its 
Curie temperature, there is maximum strain on the lattice and, because of this, 




Figure 5: Perovskite structure of BST where Ti4+ ions are at the corners of the lattice, O2- ions at the 
octahedral centers, and with alternating individual unit cells having Sr2+ or Ba2+ ions in the body 
center location. 
Depending on the application environment, it would be necessary to tune the 
composition to position the Curie temperature such that the dielectric constant 
would be high under thermal conditions where adhesion is preferred and to be 
lower when adhesion would not be required. In the case of requiring greatest 
adhesion at room temperature, a concentration of ~35% strontium in the A site is 
preferable. [54] 
Like BT, BST also exhibits a large band gap (3.25 eV)[55] and is capable of 
being doped with a lanthanide to produce photoluminescence through 
upconversion. [56, 57]  
 
1.3 Equilibrium Adsorption & Kinetic Rate Limiting Steps 
Adsorption of material onto a surface is commonly represented by 
isothermal adsorption graphs.[58-66] Adsorption isotherms were studied in this 
research to better understand the SSG coating process. Isotherm models have 
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been created to model different situations with different material interactions. 
Adsorption isotherms define the influence of the concentration of a precursor in 
solution on the equilibrium on a surface. For example, with the Langmuir 
isotherm, each surface site is assumed to accommodate one molecule, all 
adsorption sites are assumed to have equal affinity for the adsorbing species, 
and the adsorption of a given molecule is assumed to be independent from 
neighboring sites.[67] The Langmuir model assumes no interaction between 
molecules. An alternative is the Freundlich model which considers the presence 
of surface sites with different enthalpies of adsorption.[68] The filling of these sites 
results in an exponential decay in the adsorption enthalpy of remaining 
adsorption sites. Unlike the Langmuir model, the Freundlich model has been 
shown to be accurate at high concentrations, but to fail to adhere to Henry’s 
law for low concentrations where i should be linearly related to Ci.[62, 66] To 
produce a more accurate model, Redlich and Peterson developed a hybrid 
isotherm which is characteristic of Langmuir at low concentrations and of 
Freundlich at high concentrations.[58, 62, 69, 70] As mentioned, the Langmuir 
model is the simplest model and it assumes that the adsorption of a given 
molecule is independent of the occupation of neighboring adsorption sites. For a 
given precursor, this assumption may not be valid at sufficiently high levels of 
adsorption. With high levels of adsorption, the influence of lateral interactions 
(electrostatic or steric) may have a significant influence on the adsorption 
equilibrium. To account for these interactions, Fowler and Guggenheim have 
modified the Langmuir isotherm.[71] In such a case, the value of ω is negative or 
positive for repulsive or attractive interactions, respectively, with the magnitude 
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of ω revealing the strength of the interaction between adsorbates. These two 
possible deviations from the Langmuir model were accounted for and the data 
was compared to the models. For non-negligible heterogeneity in the binding 
affinity of surface sites the Freundlich model was used, for non-negligible 
interactions between adsorbates the Fowler and Guggenheim model was used. 
Other models have been produced to provide more accurate isotherms for 
different systems, but they were not used in this research.  
The process of adsorption from a liquid solution may be rate limited by 
mass transport of a reactant species toward, or product species from, the 
solid/liquid interface and/or by a chemical reaction at the solid/liquid interface.  
For liquid-phase diffusion control (i.e., for rapid chemical reactions at the 
solid/liquid interface), the change of adsorption with time, 𝑑(Γ𝑖
𝑡) 𝑑𝑡⁄  (expressed 
as the change in adsorbed mass per area per time), may be described by a 











𝑡 is the adsorption of species i in time t; 𝐷𝑖 is the diffusion coefficient of this 
species through a concentration boundary layer in the liquid; 𝐶𝑠 and 𝐶𝑏 refer to 
the concentration of this species in the liquid at the solid/liquid interface and in 
the bulk solution, respectively; and 𝛿𝑖 is the concentration boundary layer 
thickness for species i. For chemical reaction control (i.e., for rapid mass transport 
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CHAPTER 2: Automated Coating Systems for Deposition of Layer-by-
Layer Coatings onto Various Substrates 
2.1 Summary 
To aid in the deposition of LbL SSG Coatings, robotic coating systems were 
created. These systems were designed and built in-house specifically for SSG 
coatings, but have been used for non-SSG deposition as well as SSG. In this 
chapter, the design and validation of the robotic systems is explained. These 
systems have been used to deposit alkoxides onto a variety of substrates 
including P. sesostris butterfly wing scales, M. Menelaus wing scales, sunflower 
pollen, carbon fiber paper, QCM quartz crystals, silica inverse opals, silica slides, 
and silicon wafers. These coating systems have been designed to be robust, easy 
to use and capable of running continuously for multiple days without stopping.  
Four automated coating systems have been built to facilitate this research. 
Two of the systems are designed to coated substrates of various size and shape 
and are operated with only a computer. The other two systems control low 
volume, multiport, solenoid valves and are used for flow selection in conjunction 
with a QCM. The coating systems have removed human variability between 
coatings and have been used in all of the areas of research in this dissertation. 
These coating systems have opened up an area of research that previously was 
prohibitively time consuming to explore. Coatings of up to 300 cycles have been 
deposited using these automated systems. Depositing this many coatings by 





Surface sol-gel is a slow and repetitive procedure that requires a clean 
environment and close attention to detail to produce clean, reliable thin-film 
coatings. The solutions used in SSG are highly reactive with water and react if left 
in contact with air (the precise amount of water vapor has not been evaluated 
in this research). Previous research has involved dipping individual wing segments 
into small containers of precursor, rinse and DI water and repeating this for the 
number of layers required.[1-5] This method had significant potential for human 
error because it required a user to process the samples repeatedly in a precise 
timeframe and involved having solutions repeatedly exposed to lab air. Other 
computer controlled coating systems have been proposed for the deposition of 
LbL coatings.[6, 7] The first of these systems could only deposit coatings on 
powder substrates and required the user to program complex commands to 
control the system.[6] Additionally, this first system did not have any degree of 
feedback to the user to indicate if the system finished coating or if it had had 
failed. The second system was a dipping system which required the sample to be 
repeatedly dipped into a solutions to deposit the coating.[7] This repeated 
mechanical manipulation makes coating fragile substrates either difficult or 
impossible and makes coating powder impossible without major modifications. 
Because neither of these systems were deemed appropriate for coating both 
powders and fragile substrates a new system was devised with a control system 





All of the robotic systems were created to precisely control fluid that can be 
highly flammable. To mitigate the risk of fire, the parts of the robotic systems that 
came in contact with fluid were always separated from the electronics. Each 
robotic system was designed with non-flammable materials where possible. 
When operating with flammable solvents, the robotic systems were located in a 
fume-hood or under an elephant trunk to remove potential smoke from the 
area. In addition, all of the robotic systems were designed with a manual power 
kill switch so that in the event of a malfunction the system could be turned off 
immediately. In addition to the manual kill-switch, each robotic system can be 
turned off remotely if a malfunction occurs. To allow the user to monitor the 
health of the robotic systems during coating, optical cameras were placed at 
strategic locations and connected to the same computer that controls the 
robotic system itself. In this way, the operator out of the lab could monitor the 
coating progress without entering the lab. With the addition of a VPN (Cisco 
AnyConnect, Cisco Systems Inc., CA, USA) the operator can monitor, modify, 
and stop the coating process remotely from a different lab or even when not on 
Georgia Tech’s campus. Due to bandwidth limitations, the use of the VPN off 
campus was limited to making sure the system had not malfunctioned.  
 
2.4 Hardware Design 
Multiple coating systems were created to aid in this research. The initial two 
robots were created to deposit LbL SSG coatings onto wafer-type substrates. The 
robots go by the designation Robot 1 and 2 respectively and Design 1. The 
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second two robots were created to control the flow of precursors to the QCM 
reaction chambers. The robots go by the designation Robot 1 and 2 respectively 
and Design 2. In this way the robots are designated R1-D1, R2-D1, R1-D2, and R2-
D2. All four robotic systems are represented in Figure 6. 
 
Figure 6: All four coating systems displayed: A) R1-D1 coating a non-SSG LbL water based coating 
onto a full A4 sheet of Kapton. B) R2-D1 set up for coating a solid substrate with SSG. C) R1-D2 after 
completion of construction. D) R2-D2 after completion of construction.  
The structural support of robots is made using 1” aluminum T-slotted framing 
(McMasterCarr, GA, USA), pumps and valves are mounted on ABS plastic. For 
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the D2 systems, used with the QCM, the electronics are mounted inside the 
sealed box and fans are mounted on the back to force cool air over the 
solenoid valves.  
For both the D1 and the D2 systems, the precursor solutions are not open to 
the air, but instead are constantly back filled with nitrogen gas (Refrigerated 
Liquid, AirGas, PA, USA). Due to the lack of water vapor in the N2 gas, the 
precursors do not react with the air inside the bottles before being deposited in 
the reaction chamber. This is very important, because it avoids depositing 
agglomerations of precursor onto the template which would result in a non-
uniform coating, but it also reduces the concentration of the precursor which 
affects the reaction rate.  
 
2.4.1 Automated Coating System 
For the two D1 systems, the pumps are low flow peristaltic pumps 
(McMasterCarr, GA, USA) that allow for precise control of the quantity of fluid 
dispensed. To avoid back flow though the tubes, to keep them primed, each 
tube is capped with a check valve and then a PTFE tube to direct the flow of 
precursor. The PTFE tubes also allow for the precursors to be directed in a 




Figure 7: Example of reaction chamber in R2-D1 being secured in place via the #2 PTFE stopcock 
housing. Above the reaction chamber the precursor tubes can be seen. Also in view is (left) the 
servo motor and (right) the camera used to monitor the volume of solution in the reaction 
chamber.   
The parts shown in Figure 7 were custom parts machined by hand and by 
using a Flash Cut CNC with simple designs in SOLIDWORKS. These were one-time 
parts that would be difficult to duplicate if damaged. To create a more 
sustainable system, 3D CAD models were created of the complex parts and the 




Figure 8: 3D SOLIDWORKS models of complex parts for coating systems that were 3D printed. A) t-
slot to Servo holder, B) t-slot to stopcock holder, C) t-slot to PTFE tube holder which acts to direct 
the flow into the small reaction chambers, D) Bearing holder for spinner used for mixing solutions 
during coating of powder-type substrates. 
The 3D printed parts (Figure 8) were created to replace the parts shown in 
Figure 9. With the 3D models of these parts, new pieces were made for the 
second coating system when it was constructed without having to build new 




Figure 9: Original handmade complex parts for coating systems. A) t-slot to Servo holder, B) t-slot to 
stopcock holder, C) t-slot to PTFE tube holder which acts to direct the flow into the small reaction 
chambers, D) Bearing holder for spinner used for mixing solutions during coating of powder-type 
substrates. 
 The development 1 coating systems were designed to replace the need 
for hand dipping each wafer-like substrate.  
 
2.4.2 Automated QCM-D Control System 
The two D2 systems were designed and built after the D1 systems and had 
to benefit of the knowledge gained in construction of the D1 systems. The D2 
systems have arrays of relays inside that control the overall power as well as the 
individual solenoid valves and the cooling fans. Both systems are controlled with 
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Arduino Uno R3 micro controllers (Arduino, Ivrea, Italy). The cooling fans operate 
off of a higher voltage than the solenoid valves and require an external power 
supply to be plugged into the Arduino. The solenoid valves (Flow Selection 
Valves, Western Analytical Products, CA, USA) heat up by design. This is not a 
problem if the valves are open for only a small amount of time, but when 
operated with the QCM for 30 minutes of more, the valves can become hot. If 
the valves become hot, the temperature of the fluid could be affected which 
changes the reaction conditions.  
 
Figure 10: The Maximum temperature of a solenoid valve on the R2-D2 system while energized 
under various conditions. A) Blue dots represent the temperature with the fans off. B) The yellow 
dots represent the temperature when the fans are turned on at the solenoid valve cools. C) The 
green dots represent the temperature with the cooling fans on. 
For this reason, the solenoid valves are actively cooled be forcing air 
through vents cut out around the solenoid valves. This has proved to sufficiently 




Figure 11: Image of the front of R2-D2 showing the six solenoid valves and the air vents behind 
each valve. All of the electronic is housed inside and the cooling fan is located on the back.  
The cutouts on the panels of the D2 systems were made using CAD models 
created in SOLIDWORKS, with CAM created using CAMWorks, and a 3D Flash Cut 
CNC.  
 
2.5 Software Design 
The coating robots have been designed to be controlled by a computer 
using a LabVIEW based program. This LabVIEW based program was written 
specifically for the purpose of controlling the robotic coating systems. This control 
program has evolved as the robotic systems have been upgraded and as the 
new systems have been built, but only the final version of the program will be 
discussed.  
The GUI is designed to allow the user to quickly select the system being used 
and to input the type and number of coatings to be applied. On the left side of 
the Front Panel is a cluster of seven arrays which make up the Step Parameters. 
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This is a step-by-step procedure that the program followed during the coating 
process. Each row is made up of an indicator, a number designating the row, a 
ref num designation the type of action, a # sign used with the GoTo action, a 
repeat numeric, an incubation time in minutes, and a pump time in seconds. In a 
central column is the feedback for timing. This allows the user to see the Current 
Time, Predicted Finish, Time Predicted, Time Elapsed, Time Remaining and Step 
Time Left. These times are all outputs and do not affect the operation of the 
physical system, but instead are present to inform the user of the progress being 
made. Below the times are four buttons, labeled Start, Pause, Skip Step and 
Restart. The action of Start is immediate, but the action of the others occur only 
after the current step has completed. To the right of the times are five more 
indicators to inform the user of the current location of the coating process. Layer 
Time gives to total time to progress though the Step Parameters once. Section # 
Counter is coupled to the GoTo action and indicates the current iteration 
number. Step Number indicates which step is currently executing. Step # 
Counter is coupled with the X in the Step Parameters and controls the number of 
times a step repeats. Current Step is the Ref Num value of the current step, this is 
the same as Step Number.  
On the top of the Front Panel is the Error Communications. These errors do 
not stop the program from progressing, but instead are designed to remind the 
user of best practices. There are also error clusters in the code that automatically 
shut down the program if there is a failure and they display when the program 
finished execution. Below the error string are three large numerics that show the 
number of Starting Layers, Layers to Added, and Layers Added. The Starting 
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Layers number does not affect the program, but is there for the user to keep 
track of the number of layers on the sample if the program needs to be stopped. 
The Layers to Added number is coupled with the Finish Layer action in the Step 
Order in the Step Parameters. The Layers Added function is the number of 
complete iterations of the step parameters.  
Below Layers to Add, is a dropdown box for the System. When the 
program is executed, a dialog box will appear prompting the user to select a 
system to use. The user should select the system, select the VISA resource and 
click USE. The VISA resource is the communication port with which the system is 
connect to the computer. Below is the Drying Type where the user can select 
either vacuum (for powder-type samples) or Heat Gun (for wafer-type samples). 
Drain Time defines the amount of time for each step that the stopcock is open. 
Mixer is a Boolean control which is used with powder-type samples. Power 
controls the power to the system, and the two Boolean indicators below show if 
the system is plugged in and powered. On the very bottom in the Stop button 
and directly above it are manual control switches to turn on and off individual 




Figure 12: Graphical User Interface for controlling the robotic coating systems. The interface is set 
up in the figure above for coating 50 cycles onto a powder-type sample with mixing and drying via 
vacuum. Below the times are four buttons, labeled [Start], [Pause], [Skip Step] and [Restart]. The 
action of [Start] is immediate, but the action of the bottom three is after the current step has 
completed. 
The core of the program displays the current step in the coating process and 
what should be happening and correspondingly turns on the various pumps and 
valves. The program sends commands via USB to an Arduino microcontroller 
(MEGA 2560 R3, Arduino, Ivrea, Italy) which in turn controls individual 
components. LabVIEW provides a program that can be flashed onto the Arduino 
board to allow LabVIEW to directly control the board outputs without having to 
program in the Arduino specific language[8]. The program has been designed to 
also work with the older coating robot developed by Mike Weatherspoon[6]. 
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Table 1: Digital in/outs (DIO) and Analog Ins (AI) for the microcontrolers for the various robotic 
systems. The left two columns show the numeric value of the control in the program. The right six 
columns represent the physical pins that are connected to which action. 
System Name: R1-D0 R2-D0 R1-D1 R2-D1 R1-D2 R2-D2 
 Board: Ni-Daq Ni-Daq Uno MEGA Uno Uno 
# Action       
DIO     
0   Mixer 
Not 
Analyzed      
1   Vacuum       
2 Drain Sol 1  Power Power  Power 
3 Sol 1 Rinse/5  Water/4 Water/4 Sol 1   
4 Sol 2 Water/4    Sol 2 Fans/Cooler 
5 Sol 3 Sol 2  Rinse/5 Rinse/5 Sol 3 Sol 6 
6 Sol 4 Sol 3  Sol 3 Sol 3 Sol 4 Sol 5 
7 Fans   Drier Drier Fans Sol 4 
8 Mix   Mixer Mixer Fans(TBR) Sol 3 
9 NA   Sol 2 Sol 2 Power Sol 2 
10 Sol 5   Sol 1 Sol 1  Sol 1 
11 Sol 6   CS CS    
12 Heat gun        
AI       
0       Drier     
1     Rinse    
2    Power? Power?    
3     Water    
4     Sol 2    
5     Sol 1    
6     CS    
7     Mixer    
 
The program is based on a State Machine architecture which allows for 
individual states to be defined and allows for each state to be executed in a 
specified order. In this program the order is defined by primarily by the Step 
Order, but there are exceptions to the Order. When the X value for a step is 
above 1 then it will repeat that step X times. When the GoTo function is present, 
the next step is defined by the number in the # variable X times. If the Skip Step 
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button is clicked, the state machine will skip the next state. If the Restart button is 
clicked, the state machine will go back to the initialize step (always 0) and the 
user will need to click Start to restart the program.  
 
2.6 Experimental Procedures 
2.6.1 Coating of Wafer-Type Templates 
For coating of wafer-type templates, the primary concerns are 
contamination, efficiency of solution volume, and mechanical destruction of the 
template. Contamination arises in many forms, from a failure to rinse the 
substrate of solutions, dripping from precursor hoses, reaction of alkoxides with 
the air, and contamination in the precursor solutions. Standard procedures of 
cleaning were used to produce precursor solutions with no contamination. To 
limit the reaction of the alkoxides with the water vapor in the air, the precursor 
solutions were constantly backfilled with dry nitrogen. Solutions back filled with air 
show degradation after approximately a week. Once solutions show any haze or 
precipitation they are considered degraded and not fit for use in the SSG 
coating process. Solutions backfilled with dry nitrogen have maintained a clear 
appearance and as expected coating qualities for up to three months.  
Specifically for wafer-type templates, to maximize the efficiency of 
solution usage, rectangle reaction chambers were fabricated in the chemistry 
glass shop.  Designs were fabricated by Don Woodyard and Brian Markowicz. 
The rectangular glass was purchased from Technical Glass Products and varied 
in size from (T X W X H) 10 mm X 15 mm X 25 mm to 20 mm X 100 mm X 280 mm. 
Directly below the reaction chamber is a #2 PTFE stopcock, and below that is a 
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hose barb fitting with a “drip-tip”. Figure 13 shows an example rectangle 
crucible.  
 
Figure 13: Optical images of a 10 mm X 15 mm crossection glass reaction crucible. Image is A side 
view, B is a forward view, and C is a corner view of the same crucible.  
The rectangular design of the crucible is preferable to the simpler 
cylindrical design because it saves fluid. In the scenario where a rectangular 
substrate, like a butterfly wing segment needs to be coated, the volume of 
reaction chamber is given by Equation (7). 
 
 
𝑉𝑟 = 𝐻 ∗ 𝑊 ∗ 𝑇 (7) 
 
Here, H, W, and T are the height, width and thickness of the rectangular crucible 
and Vr is the volume of the chamber. For a cylindrical crucible, the volume is 











Here, D is the diameter, H is the height and Vc is the volume of the cylinder. For a 
flat substrate, the sample needs to be placed vertically to assure proper rinsing 
which dictates that the height is the same for both crucibles. Because the 
thickness of the samples used in this research is <1 mm it was assumed to be zero 
in these calculations. This means that the defining factor is the width of the 
sample. Because the widest part of the cylinder is its diameter the necessary 
width of a rectangle and the necessary diameter of a cylinder are the same. To 
find the ratio of fluid required to coat the same substrate with a rectangular 











Equation (9) shows that the ratio of solution used is proportional to the thickness 
and the width of the rectangle chamber (or diameter of the cylinder). On a 
commonly used crucible that is 30 mm by 10 mm, the use of the rectangular 
crucible uses only 42.44 percent of the solution that a cylindrical crucible would 




Figure 14: A schematic showing the relative cross sections necessary to coat a 30 mm wide 
sample. This illustrates the need for rectangular crucibles.  
For samples sensitive to physical motion, like butterfly wing segments, the sample 
was clipped onto the glass wall with a copper alligator clip (McMasterCarr, GA, 
USA). For robust samples being coated without other samples present, the 
sample could be simply placed in the crucible with no physical attachment.  
 
2.6.2 Coating of Powder-Type Templates 
Powder-type substrates offer some increased complications for coating, 
but with the proper design can be more efficient with solution that a wafer-type 
substrate coating. Powders cannot be coated in the same types of chambers as 
wafer-type substrates because the powder would flow out of the chamber upon 
draining. The powder-type substrates need to be filtered out of the coating 
solution. This was achieved by using a custom made Buchner funnel (#89000-428, 
VWR International, PA, USA) with a #2 PTFE stopcock and hose barb in the same 
fashion as the rectangle reaction chambers. The hose barb was connected to a 
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4L filter flask(#89090-736, VWR International, PA, USA) for waste containment 
attached to a 500 mL filter flask(#89090-760, VWR International, PA, USA) in an 
ice bath as a solvent trap with vacuum achieved via a diaphragm pump 
(#4176K11, McMaster, GA, USA). 
The powders in this research are generally around 30 um in diameter. To 
avoid having the particles slip through the pores, the frits originally used were 
“Fine” (10 – 20 um pore diameter). These frits would work properly for the first 30 – 
40 cycles, but as the SSG coated the silica frit the pore size would decrease and 
lead to clogging and failure to drain. To fix this problem, Buchner funnels with 
larger pores were used. “Coarse” fritted Buchner funnels (#89000-428, VWR 
International, PA, USA), proved to be fine enough to not allow particles to 
escape, but also did not clog within 200 coatings.  
To coat all particles evenly, Dr. Goodwin showed that it is necessary to mix 
the powder-type substrate in the precursor solutions.[9] Figure 15 shows the 
uneven coating that can occur when the sample is not stirred. 
 
Figure 15: SE micrographs of sunflower pollen coated with 30 Fe-O SSG cycles (a) without a stir bar 




To achieve thorough mixing, a PTFE stir bar was used on the inside of the 
Buchner funnel and a custom made stirring apparatus was fabricated out of a 
DC motor, a steel bar and a steel ball bearing with magnets mounted on the 
outer ring. This design allows for the inert stir bar to be influenced eternally.  
 
2.6.3 Firing Conditions 
Inorganic replicas were created by firing coated samples in inert crucibles 
(MgO or Al2O3) in a tube furnace (Lindberg Blue M, Thermo Fisher Scientific Inc., 
MA, USA) at generally 450 °C to 600 °C and held at temperature for generally 4 
to 6 hr in air to allow for combustion of the organic and crystallization of the 
coating material. The furnace was then cooled at 120°C/hr to below 100°C 
before removal of the sample from the furnace. 
Different methods were used to preserve the structure of the bioorganic 
templates. For butterflies, individual coated scales were scraped off of coated 
butterfly wing sections with a scalpel (36325A63, McMaster-Carr, PA, USA) with a 
#15 blade. Because the samples have structural color, the quartz slide could be 
visually inspected to assure an even distribution of scales. Samples were clipped 
(Staples® Small Satin Silver Metal Binder, MA, USA) between two polished (2.54 x 
2.54 x 0.159 cm) fused quartz plates (Technical Glass Products, OH, USA) and 
then heated in an MgO crucible.  
For powder substrates being fired solely for EDS, XRD, and ICP-MS analysis, 
fusing of individual particles is not problematic; thus they could be fired directly in 
an MgO crucible. However, when the individual particles needed to be 
identified, MgO wafers (MTI Corp, Ca, USA) were used as substrates and powders 
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were dispersed on the surface. Coated powders were dispersed in IPA and 
subsequently pipetted onto MgO wafers and allowed to dry. Each wafer was 
inspected using an optical microscope to insure even dispersal of the particles 
(A-Zoom2, Micromanipulator Inc., CA, USA). The wafer could then be placed in 
an MgO crucible and fired.  
 
2.6.4 Replica Characterization 
Standard SEM, EDS, XRD and optical were utilized to characterize the 
structure retention and purity of coating. The microstructures of uncoated 
substrates, SSG-coated substrates, and all inorganic replicas of substrates were 
imaged with a field-emission scanning electron microscope (1530 FESEM, Carl 
Zeiss, NY USA). The chemical composition was evaluated with an energy 
dispersive X-ray spectrometer (EDS) (INCA 7426, Oxford Instruments, UK) which 
was used in combination with the above SEM.   
For samples sputtered with gold, a Quorum Q150T ES (Energy Beam 
Sciences, INC., CT, USA) sputter coater was utilized to sputter gold for 60 seconds 
at 20 mA.  Cross-sections of samples were created by milling via focused ion 
beam (FIB) milling (Nova Nanolab 200 FIB/SEM, FEI, OR, USA).   
Phase identification of replicas was evaluated using X-ray diffraction 
(XRD) analysis. XRD was conducted using an X’Pert Pro Alpha-1 diffractometer 
(PANalytical B.V., ALMELO, Netherlands) with monochromatic Cu Kα1 (1.540598 
Å) radiation from a 1.8 kW (45 kV, 40 mA) X-ray tube filtered via a symmetrical 
Johannson monochromator and detected by an X’Celerator detector. The 
source was limited by a 1° fixed anti-scatter slit, a ½° programmable divergence 
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slit, and a 15 mm mask.  The diffracted x-rays were subject to a 0.04 radian soller 
slit and a 5.5 mm anti-scatter slit before the X’Celerator detector. Diffraction 
specimens were placed on B doped p-type Si zero background plate (MTI Corp, 
CA, USA). The sample support was rotated at 8 sec per revolution. The phases of 
replica materials were identified using the HighScore Plus (PANalytical, Almelo, 
the Netherlands). Scherrer’s formula, Equation (10), was used to calculate the 








Here, t = crystallite size, k = 0.89, λ= 1.54 Å (CuKα1), θ = peak position, and B = full 
width at half maximum (FWHM). 
 
2.7 Results and Discussion 
To demonstrate that the coating systems perform as designed and at or 
above the standards set by manual control, all three scenarios were analyzed. 
To test the coating of powder-type substrates, sunflower pollen were coated with 
Ti-O and then replicated. To test the coating of wafer like substrates, a P. sesostris 
was coated with Ti-O and then replicated. To test the precursor control using the 
QCM setup, Ti-O was deposited onto SiO2 coated QCM resonators.  
 
2.7.1 Powder-Type Substrate Verification 
Clean sunflower pollens were coated with SSG and fired to demonstrate 
the shape preserving nature of the SSG technique and coating system. For 
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demonstration, the pollens were coated with 50 cycles of Ti-O via the SSG 
coating method using Ti(IV) isopropoxide. The Particles were analyzed with SEM, 
EDS and XRD to confirm morphology preservation, elemental deposition, and 
crystallographic phase.  
 
Figure 16: SEM micrographs of A) SF pollen coated with 50X SSG Ti-O and B) replica of the same 
pollen particle after firing at 600 °C after 4 hours. Courtesy of Ben deGlee 
The SEM micrographs in Figure 16 show that the overall structure of the sunflower 





Figure 17: EDS spectra of 1) cleaned SF pollen particles and 2) SF pollen replicas of Ti-O. 
The EDS spectra show that the replica material does bear titanium, but also has 
some sulfur that was native to the pollen.  
 
Figure 18: XRD powder diffraction scans of Top: Native sunflower pollen, Middle: Sunflower pollen 
coated with 50 cycles of Ti-O and Bottom: replica pollens that were coated with 50X Ti-O SSG with 
the automated coating system and fired at 600 °C for 4 hr. Sample shows only Ti-O polymorphs 
present in the replica consisting of Anatase and Brookite. The Graphite peak is from XRD sample 
container preparation contamination. 
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Analysis of the XRD powder diffraction scan shows that only titanium oxide 
polymorphs are present in the replica. This confirms that the titania coating took 
the form of the pollen and replaced its chemical construction.  
 
2.7.2 Wafer-Type Substrate Verification  
To verify the validity of the robotic coating system for coating wafer type 
substrates, an intricate 3D structure was selected to be replicated. The wafer-
type substrate selected was the P. sesostris butterfly dorsal wing scales. With this 
demonstration, the dorsal wing scales were coated with Ti-O for 100 SSG cycles 
via Ti(IV) isopropoxide as the titanium precursor. The as-coated P. sesostris 
butterfly dorsal wing scales were fired at 450 °C for 4 hr to burn away the native 
chitin and crystallize the Ti-O coating. The butterfly wing scale replicas were 
analyzed with SEM, EDS and XRD to confirm morphology preservation, elemental 




Figure 19: SEM micrographs of A, B, C: a native uncoated P. sesostris butterfly dorsal wing scale 
sputtered with gold and D, E, F: replica of a P. sesostris dorsal wing scale coated with 100X SSG Ti-O 
after firing at 450 °C after 4 hours. 
The SEM micrographs in Figure 19 show the replication of the P. sesostris 
wing scale. Due to splitting of the ridge structure, the replica displays the 




Figure 20: EDS spectra of (Black line) an uncoated P. sesostris wing scale with gold coating for 
imaging on SEM and (Red line) titania replica on a P. sesostris wing scale after 100 cycles of SSG.  
 
EDS analysis shows that the titanium oxide is the primary constituent in the 
replica material. The native sample was coated in gold to increase avoid 




Figure 21: XRD spectra of Top: an uncoated P. sesostris butterfly wing scales, Middle: P. sesostris 
wing scales coated with 100 cycles of SSG Ti-O and Bottom: Titania P.sesostris wing scale replicas 
after firing at 450 °C for 4 hr.  
 
The XRD spectra show the presence of only titanium oxide polymorphs in 
the replica which indicates that the replica composition was replaced by the Ti-
O without contamination. 
 
2.7.3 QCM-D Control Validation 
The QCM-D control system was validated in a different manner than that 
of the coating systems. Limited data exists on LbL deposition of alkoxides. 
Ichinose et al. have investigated the deposition of some SSG precursors although 
their testing method is not in-situ and is admittedly prone to time-dependent 
degradation. [2, 3] Ichinose et al. use an ex-situ SSG coating method of a QCM 
crystal.[2, 3] The QCM crystal used in that research is a 9 MHz crystal where the 
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crystal used in this research is a 5 MHz resonator. For a dense film, this relationship 









Above, ΔF is the change in frequency of the QCM crystal, f0 is the resonance 
frequency of the QCM crystal, Δm is the change in mass on the QCM, A is the 
area of the sensor, ρq is the density of quartz (2.648 g/cm3) and Gq is the shear 
modulus of the QCM (29.47 GPa). Based on information provided by Ichinose et 
al. and by use of the Sauerbrey equation, the evaluation of their results, 
represented as a frequency change, and the results found in this research can 
be compared.  
Table 2: Comparison of QCM resonators used in this research and the research of Ichinose et. Al. 
 Ichinose et al. This Research 
𝑓𝑂(𝑀𝐻𝑧) 9 5 
∆𝑚
∆𝐹 ∙ 𝐴
 (𝑚𝑔/𝑚2 ∙ 𝐻𝑧) -0.0275 -0.1767 
 
Ichinose et al. report a per cycle frequency change for deposition of 100mM 
Ti(IV) butoxide as 61 Hz ± 37 Hz deposited at 18 °C.[2] In this research, a similar 





Figure 22: Bar graph showing comparison of deposition rate of Ti(IV) butoxide and Ti (IV) 
oxyacetylacetonate as reported by Ichinose et al. and the deposition rate of Ti(IV) isopropoxide as 
found in this work.[2] 
The results of the deposition of Ti(IV) isopropoxide show that the QCM deposited 
a statistically similar amount of Ti-O per-cycle as to published research.[2] It is 
notable that the variability of the amount deposited was significantly less than 
published research, likely due to the precision of the robotically controlled 
deposition. 
 
2.8 Concluding Remarks 
The coating systems were designed and built individually and have been 
used for coating a variety of materials and chemistries including Ti-O, Sn-O, Er-
O, Sm-O, Fe-O, Ba-O, Sr-O, W-O, Zr-O and mixtures of these oxides. They have 
been used to create multifunctional butterfly wing scales and to create high 
dielectric pollen particles. The D2 systems have been used to control the flow 
to the QCM for time periods of over 48 hours continuously. The R2-D1 system 
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has run for 150 hr straight and has deposited over 6000 SSG layers. All of the 
systems combined have operated for over 3000 hours saving approximately a 
year and half of labor. The systems have been involved in many projects and 
have been key to over seven publications currently being prepared. All three 
parts of the coating systems (powder-type and wafer-type substrates and 
QCM deposition) have been validated to accurately and repeatedly deposit 
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CHAPTER 3: Conversion of P. sesostris into Three-Dimensional 
Ceramic Replicas with Tailorable and Predictable Multimodal 
Coloration  
3.1 Summary 
In this chapter, SSG LbL deposition was used to apply Ti-O and Ti-Sm-O 
bearing coatings onto the Parides sesostris butterfly dorsal wing scales to 
understand i) how the inclusion of Sm–O in the coating affected the reflected 
color of the scales, ii) how the replicated structure was affected by the addition 
of Sm-O and the potential for photoluminescence, and iii) to see if multimodal 
colored replica wing scales could be created. The inclusion of the Sm-O into the 
coating process had limited effect of the reflected color of the as-coated P. 
sesostris wing scales. The limited red-shift that was seen is likely due to the 
increased deposition rate of the samarium (III) isopropoxide, but could also have 
been due to a slight increase in the refractive index of the coating. The replica 
samples that were created with Sm in the coating showed intense 
photoluminescence when stimulated with UV light. The addition of Sm limited the 
crystallization of the Ti-O matrix causing samples of pure Ti-O to have excessive 
grain growth under the firing conditions that produced maximum 
photoluminescence in the Sm doped samples.  
To demonstrate dynamic multimodal coloration of a biological replica 
through color mixing of structural color and photoluminescence, samarium 
doped titania replicas of P. sesostris were imaged under UV, white light (WL) and 
a combination of UV and WL. The results showed that the replica changed color 
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from red (UV illumination only) to purple (UV and WL illumination) to blue (WL 
illumination only).  
 
3.2 Introduction 
Prior work has demonstrated the bioorganic structures (e.g. diatoms,[1] 
butterflies,[2, 3] beetles,[3] and pollen particles[4]) can be utilized as templates 
for coating and chemical conversion to maintain structural properties while 
adding new functional materials properties(e.g. optical, chemical, and 
magnetic).  These biogenic replicas have applications such as anti-
counterfeiting,[5] catalysis,[6] and chemical filtration.[1] Recently, pollen 
particles have been used as a template for coating and conversion into 
magnetic materials for the purpose coupling magnetic and van der Waals 
forces.[7] Recent work has also demonstrated that butterfly wing scales can be 
modified to change their static reflected color.[8] However, little work has been 
done to show multimodal coloration in biological replicas of the structural color 
from a photonic crystal and the photoluminescence of the replica material or 
the interaction and coupling of electrostatic and van der Walls forces.[9] 
Additionally little work has investigated directly coating complex multifunctional 
oxides onto biological structures.[8] Prior work has relied on complicated 
microwave hydrothermal post processing to add fluorescent properties to oxide 
replicas.[5] 
The Parades sesostris butterfly green dorsal wing scales provide desirable 
templates due to the structural color of their polycrystalline photonic structure 
[10, 11] and the chitin material that composes the structure of the butterfly which 
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has an abundance of surface hydroxyl groups.[10, 11] The P. sesostris are 
inexpensive, readily available, and naturally designed to be optically active. The 
chitin of the P. sesostris has an abundance of hydroxyl groups that are necessary 
for a conformal coating to be deposited via LbL SSG processing without the 
need of a preprocessing amplification of the surface functional groups.  
 
3.3 Experimental Procedures 
 P. sesostris butterflies were purchased deceased and dehydrated 
(Bugmaniac, Makassar, Indonesia) and were chemically transformed into 
TiO2:Sm replicas by first: application of a thin Ti-Sm-O bearing coating through a 
LbL SSG process with use of an automated coating system, followed by: 
combustion of the chitinous template and crystallization of the Ti-Sm-O coating 
into a photoluminescent replica. These replicas both retained their structural 
color and had the added functionality of being photoluminescent.  
 
3.3.1  Bioorganic Template 
The Parides sesostris butterfly green scale is a desirable template because 
it has a highly intricate structure that can be used as validation for a conformal 
coating process (if the coating process can succeed on the micro to nanometer 
sized features of the P. sesostris green scale then it will likely be capable of 
coating less intricate structures as well). The chemical structure of chitin is made 
up of long chains of N-acetylglucosamine[12] which on each unit have two 
hydroxyl groups making it highly reactive to the SSG process without any need 
for preprocessing to functionalize the surface. The green dorsal wing scales of 
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the P. sesostris are also desirable due their availability, low cost, and reproducible 
intricate structure. The dorsal wings also have the advantage of supporting the 
green scales to allow for easy securing of the wing segments without any need 
to filter the scales after each step.  
 
3.3.2 Hydrolysis of Mixed Alkoxide  
Precipitation via hydrolysis of Ti – Sm – O bearing powders was performed 
using 10 mL of DI water added to 40 mL of 99.25%at Titanium isopropoxide and 
0.75%at Samarium isopropoxide (25 mM total concentration) with DI water in a 
centrifuge tube (VWR International, PA, USA). The solution of precursor and water 
was thoroughly mixed using a Vortex Genie 2 (Scientific Industries Inc, Bohemia, 
NY, USA) for 5 minutes and then was spun down with a centrifuge for 5 minutes at 
5000 RPM (5408R centrifuge with #A-4-44 rotor, Eppendorf, Hamburg, Germany). 
After centrifugation, the supernatant, now clear, was poured off and the 
precipitate was dried at in air at 80ºC for 30 min.  
 
3.3.3 SSG Coating of P. sesostris Process 
Ti-Sm-O bearing coatings were deposited using the SSG method using a 
D1 robotic coating system explained in CHAPTER 2 on page 27. Coatings were 
applied to clean dry wing segments clipped to the wall of a glass reaction 
chamber. Each SSG deposition layer carried out by: i) immersing the wing 
segment in 25 mM mixed alkoxide precursor of 99.25% at Titanium isopropoxide 
and 0.75%at Samarium isopropoxide (Alfa Aesar, Ward Hill, MA, USA) in 
anhydrous isopropanol (99.8+% purity, Acros Organics, Geel, Belgium) for 5 min to 
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allow for chemisorption of Sm-Ti-O bearing layer, ii) rinsing three times with 
isopropanol (99.5+% purity, BDH, PA, USA) to remove any physisorbed precursor, 
iii) immersion in 60%v DI water in isopropanol for 5 min, to allow for hydrolysis of 
alkoxide layer, iv) rinsing 3 times with isopropanol and v) drying with warm air 
from a heat gun for 5 minutes.  
This process (alkoxide incubation, isopropanol rinse, DI incubation, 
isopropanol rinse, drying) was repeated for 25, 50, 75, 100, 125, 150, and 175 
cycles to apply a Sm-Ti-O bearing coating. The process is represented in Figure 
23.  
 
Figure 23: A schematic representation of the SSG process for deposition of a mixed precursor 
solution of titanium(IV) isopropoxide and samarium (III) isopropoxide. 
 
3.3.4 Organic Removal and Conversion to Oxide Replica 
Inorganic scales were created by scraping individual coated scales off of 
coated butterfly wing sections with a scalpel (36325A63, McMaster Carr, PA, 
USA) with a #15 blade. Samples were clipped (Staples® Small Satin Silver Metal 
Binder, MA, USA) between two polished (2.54 x 2.54 x 0.159 cm) fused quartz 
plates (Technical Glass Products, OH, USA) and then heated in an MgO crucible 
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in a tube furnace (Lindberg Blue M, Thermo Fisher Scientific Inc., MA, USA) at 
120°C/hr to 600°C and held at temperature for 6 hr in air to allow for combustion 
of the chitin and crystallization of the titania doped with samarium. The furnace 
was then cooled at 120°C/hr to below 100°C before removal of the sample from 
the furnace. 
 
3.3.5 Morphology, Phase and Chemical Analyses 
Standard SEM, EDS, XRD and optical were utilized to characterize the 
structure retention and purity of coating. The microstructure of uncoated 
substrates, SSG-coated substrates, and all inorganic replicas of substrates were 
imaged with a field-emission scanning electron microscope (1530 FESEM, Carl 
Zeiss, NY USA). The chemical composition was evaluated with an energy 
dispersive X-ray spectrometer (EDS) (INCA 7426, Oxford Instruments, UK) which 
was used in combination with the above SEM.   
For samples sputtered with gold, a Quorum Q150T ES (Energy Beam 
Sciences, INC., CT, USA) sputter coater was utilized to sputter gold for 60 seconds 
at 20 mA.  Cross-sections of samples were created by milling via focused ion 
beam (FIB) milling (Nova Nanolab 200 FIB/SEM, FEI, OR, USA).   
Phase identification of replicas was evaluated using X-ray diffraction 
(XRD) analysis. XRD was conducted using an X’Pert Pro Alpha-1 diffractometer 
(PANalytical B.V., ALMELO, Netherlands) with monochromatic Cu Kα1 (1.540598 
Å) radiation from a 1.8 kW (45 kV, 40 mA) X-ray tube filtered via a symmetrical 
Johannson monochromator and detected by an X’Celerator detector. The 
source was limited by a 1° fixed anti-scatter slit, a ½° programmable divergence 
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slit, and a 15 mm mask.  The diffracted x-rays were subject to a 0.04 radian soller 
slit and a 5.5 mm anti-scatter slit before the X’Celerator detector. Diffraction 
specimens were placed on B doped p-type Si zero background plate (MTI Corp, 
CA, USA). The sample support was rotated at 8 sec per revolution.  
 
3.3.6 Control of UV Illumination 
Imperative to the color mixing experiments is the ability to control the 
intensity of the UV and WL illumination.  The WL can be reliably modulated with 
the use on a 0.3 Neutral Density Filter (Thorlabs, Inc., NJ, USA). The UV light could 
not be modulated in such a way based on the geometry and the need for NDFs 
that have good range in the UV. To control the intensity of the UV light (BLS-LCS-
0365-02-22, Mightex System, Pleasanton, CA, USA) an Arduino microcontroller 
(Uno R3, Arduino, Ivrea, Italy) was connected to a computer and the LED control 
box (SLC-MA02-U, Mightex System, Pleasanton, CA, USA). The Arduino was 
controlled using a program written in the LabVIEW language.  
The LabVIEW program was designed to control a PWM DIO output of an 
Arduino Uno board. The program was designed with an input to define any 
integer from 0 to 100, but also with three presets to allow for quick adjustments in 




Figure 24: Front Panel of LED controller program. This program allows the user to control the PWM 
output of an Arduino board from 0 to 100%. 
The LED control box receives the PWM 5V signal from the Arduino and delivers 
the same intensity of UV light. To confirm that this system was working, the PWM 
output was varied from 0 to 100% with the UV light illuminating a precipitate 
photoluminescent particle of TiO2:Sm. The photoluminescence was measured 
using the procedure described below. The intensity of the PL was measured at 




Figure 25: PL intensity of TiO2:Sm particle with varying intensity of UV light to confirm the linearity of 
the emmision with PWM %. 
Figure 25 shows that there is a linear trend between the PL intensity of the TiO2:Sm 
and the UV illumination from the LED light source. This allows for the intensity of 
the emission to be set from the computer program.  
 
3.3.7 Fluorescence Analyses 
Fluorescence measurements were performed using an Olympus BX60 
(Olympus America, Inc., PA, USA) upright microscope. Spectral measurements 
were acquired with a SEE 1000 microscope spectrometer (SEE Science, MA, USA) 
attached to the microscope camera port with software from Craic Technologies 
(Version 4.3.1, Craic Technologies, CA, USA). Spectra were acquired with an 
Olympus MPlan FL N 50X objective (0.80 numerical aperture) using a 6 μm x 6 μm 
spot size. For this experiment, a fluorescent filter cube (Chroma Technologies, VT, 
USA) was used with an excitation filter to transmit 325 – 375 nm (full width at half 
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maximum), a dichroic mirror with half-maximum wavelength at 415 nm and the 
emission long pass filter enabling transmission above 425 nm (half-maximum 
wavelength). 
 
3.3.8 Optical Analyses 
Optical measurements were acquired using an Olympus BX60 (Olympus 
America, Inc., PA, USA) upright microscope. Images were gathered with a Nikon 
D300 (Nikon USA, NY, USA) attached to the camera port. Spectral measurements 
were acquired with a SEE 1000 microscope spectrometer (SEE Science, MA, USA) 
attached to the microscope camera port with software from Craic Technologies 
(Version 4.3.1, Craic Technologies, CA, USA). Images and spectra were acquired 
with an Olympus MPlan FL N 50X objective (0.80 numerical aperture) using a 6 
μm x 6 μm spot size. For bright field (BF) white light (WL) illumination, a halogen 
lamp (Olympus America, Inc., PA, USA) was used. A diffuse reflectance standard 
(WS-1-SL, Ocean Optics, FL, USA) was used as the WL standard.  
Large area optical and FIB-milled single scale optical measurements were 
acquired using a Keyence Digital Optical Microscope (VHX 600, Osaka, Japan). 
For large area images the VH-Z20R objective was used and has a range from 20X 
to 200X. For single scale images, the VH-Z250 which has a range from 250X to 
2500X. The working distance of this microscope can be digitally controlled so 
that composite images can be created for structures that span the focal plane. 
To capture images of individual scales it was necessary to use the composite 
image capabilities of the microscope. Generally images could be captured in 10 
stacked images.  The white balance for each image was set by imaging a 
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diffuse reflectance standard (WS-1-SL, Ocean Optics, FL, USA) in bright field 
imaging mode with the intensity of the halogen lamp set based on the intensity 
required for the sample. With the WL intensity set, it remained constant for all 
other images.  
For images of large wing sections, the wing section was sandwiched 
between to glass slides (16004-418, VWR, PA, USA) because the entire wing 
segments tend to curl after coating. Sandwiching between slides held the wings 
segments flat during imaging.  
 
3.3.9 Multimodal Coloration Analyses 
The structurally reflected color of the template replica needs to be 
significantly different from that of the selected photoluminescent emission. If the 
colors are not significantly different, then there is no possibility of detecting color 
mixing. To be able to demonstrate dynamic coloration without interfering with 
the reflection spectrum due to scattering of the excitation light, a PL material 
needs to be selected that requires excitation in the ultraviolet or infrared regions 
of the electromagnetic spectrum. The PL emission spectrum of the material can 
be determined through fluorescence microscopy.  
To perform the key color mixing experiment, the structurally-colored, PL 
biological structure were evaluated using a fluorescence microscope with a 
custom light source and filter cube. The light source was a standard halogen 
white light with a UV source coupled along the same light path using a beam 
combiner. The UV light source was filtered with a 400 nm short pass (SP) filter to 
remove any light in the visible light spectrum that would alter the color of the 
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reflected light through scattering off of the sample.  The white light was 
unfiltered, but still passed though the beam combiner and filter cube. To assure 
that the light path does not significantly affect the reflection spectra of the 
sample, it was also tested under bright light illumination. Figure 26 shows the 
optical setup for interrogating the sample along the same light path with UV and 
WL.  
 
Figure 26: The light path in a fluorescence microscope during evaluation of multimodal color 
mixing (reflection + PL) by a PL replica of a structurally colored biological structure. 
For gathering the optical spectra for the three possible illumination 
conditions (WL only, UV only, UV + WL), the two conditions using WL was 
gathered in reflectance mode whereas the UV only illumination was gathered in 
fluorescence mode. The reason for this is based on the way each is calculated 













In these equations, SDark is the spectrum gathered when the light path is closed to 
the spectrometer, SReference is the spectrum of a white standard under WL 
illumination and SSample is the spectra gathered from the sample under the 
respective conditions of the test. Equation (12) describes the calculation for 
gathering a fluorescence spectrum (SFluorescence) where the dark scan spectrum 
(SDark) is subtracted from the sample spectrum (SSample). In Equation (13), the 
reflection spectrum (SReflectance) is calculated by dividing the difference in the 
sample spectrum and dark spectrum by the difference in the reference 
spectrum (SReference) and dark spectrum. The fluorescence spectrum is reported in 
counts whereas reflectance is reported in percent relative to the reference scan, 
so the two spectral intensities cannot be compared, but the relative intensities 
can be compared. When the white light illumination is changed, the reference 
scan is no longer valid and thus Equation (13) cannot be used under conditions 
where the WL source is off. To test if Equation (13) can be used when the UV and 
white light are both illuminating the sample, a test sample with no PL was 
evaluated under WL and then UV + WL conditions. Because of the filtering of the 
UV light source and the dichroic mirror, there was no difference in the two 




3.4 Results & Discussion 
3.4.1 TGA Analyses and Selection of Coating Technique 
The LbL coating methods investigated for this research were atomic layer 
deposition (ALD) and SSG. A temperature of 250˚C was selected for use in the 
ALD, because it is a suggested deposition temperature of TiO2 and Er2O3 from the 
ALD manufacturer (Ultratech). Sm2O3 has been reported as requiring 300˚C for 
deposition.[13]  
Based on TG analysis of the P. sesostris butterfly, shown in Figure 27, when 
the sample was heated at 1˚C/min to 250˚C, there was between 13% and 23% 
weight lost at 250˚C, depending on the atmosphere, which increased to 24% 
and 35% after 1 hour at temperature.  
 
Figure 27: TGA plot of percent weight vs. time in minutes for combustion/pyrolysis of P. sesostris 
dorsal wing scales in Air, Argon and Titanium gettered Argon. 
 
Samples fired at 250˚C in an inert atmosphere after one hour showed visible 
charring of the chitin. This severely limited the usefulness of ALD. Although it is 
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possible to reduce the titanium deposition temperature, the lanthanide 
deposition has not been shown at lower temperatures. Additionally, the current 
available ALD setup is limited by the precursors available and the inability of 
mixing such precursors. The mixing of precursors is required to obtain the very low 
doping required of lanthanides in TiO2 which are less than 1% for erbium and 
samarium. [14, 15] The solutions cannot be mixed because the precursors all 
have different partial pressures, and so the lanthanide precursors need to be 
heated to a much higher temperature than the titanium precursor (Ultratech). 
While the materials could be deposited by a full layer of lanthanide followed by 
many TiO2 layers, this would not be preferred due to the heterogeneity of the 
dispersion of the lanthanide in the TiO2 matrix. The high local concentration of 
lanthanide in the absence of prolonged thermal treatment for interdiffusion 
would quench the PL. This makes ALD an unattractive approach.  
Surface sol-gel offers solutions to most of the problems with ALD. The 
deposition temperature is not a problem, because SSG can be conducted at 
room temperature. SSG also is easier with regard to precursor handling because 
the precursors are liquid in standard glass bottles instead of in sealed steel 
cylinders. SSG also allows for easy mixing of the precursor alkoxide solutions. 
Because the solutions are well mixed, and if the precursor deposition rates are 
known, the deposit should then be uniformly mixed as well. The composition still 
needs to be verified with ICP-MS. 
A drawback to SSG is that the process as currently conducted is slower 
than ALD. One SSG coating cycle currently takes approximately 20 minutes 
opposed to that of ALD which takes less than a minute. Previous researchers 
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have used a manual dipping method, which required the researcher to 
personally coat each sample by hand. This was time consuming, considering 
that some samples required as many as 200 layers which involved over 66 hours 
of constant labor. Hence, an automated coating system was developed which 
is described in CHAPTER 2 on page 27. This system greatly reduced the human 
time required for coating and has been shown to be robust enough to work 
continuously for up to 70 hours (the longest time examined to date).  
 
3.4.2 Dopant Quantity Effect on Photoluminescence 
Determination of the appropriate dopant quantity was achieved through 
an initial literature review which suggested less than 1% mol of samarium with 
respect to titanium atoms.[15-17] Precipitation of solutions of mixed precursors of 
compositions of 0.25%, 0.5%, 0.75% and 1% were obtained and the resulting 
precipitates were fired at 600 ˚C for 4 hr and intensities were measured. The 
precipitate from the 0.75% solution produced the greatest emission. More of the 
0.75% precipitate was fired at 500 ˚C for 4 hr, 500 ˚C for 6 hr, 600 ˚C for 6 hr and 
800 ˚C for 2 hr all were tested with 365 nm illumination and the sample that was 
fired for 6 hr at 600 ˚C had the greatest emission intensity. 
 
3.4.3 Firing Conditions Effect on Photoluminescence  
Initial analysis was performed on the effect of firing conditions on the 
photoluminescence of titanium oxide doped with samarium. This analysis was 
carried out to inform the optimal conditions for creating intense 
photoluminescence in TiO2:Sm replicas of P. sesostris dorsal wing scales. Previous 
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research by Vernon et al. has investigated SSG coatings of tin-doped titania for 
creating high index replicas. In this research they used firing conditions of 450ºC 
for 4 hr.[8] These firing conditions have proved to replicate the photonic crystal 
of the P. sesostris although these conditions may not produce significant PL from 
the samarium-doped titania. Cao et al. have found that powders of TiO2:Sm 
produce the greatest PL intensity when fired at 650 ºC for 3 hr.[15] To find optimal 
conditions for retention of the photonic crystal and for intense PL a range of firing 
conditions were performed on precipitated TiO2:Sm.  
 
Figure 28: Photoluminescence spectra of precipitates of Ti-Sm-O with various firing conditions 
showing the change in intensity of the PL. 























Figure 28 shows that the PL of the TiO2:Sm increased as the time and 
temperature were increased until reaching a maximum at 600 ºC for 6 hr. For 
temperatures greater than 600  ºC the PL was greatly decreased.  
 
3.4.4 Shape Preservation and Coating Quality 
The PL material selected was titania doped with samarium. Prior work by J. 
Vernon, and subsequent verification experiments, showed that the reflection 
spectra of 100 layer TiO2 fired P. sesostris green scale replicas exhibited a 
predominant peak associated with a blue color. This was appropriate evidence 
to investigate the reflection spectra of Sm: TiO2, which, if consistent with the TiO2 
replication spectra would color mix well with the reddish emission of the PL Sm: 
TiO2.  Figure 29, shows the reflection spectra of P. sesostris green scale replica 
after 175 layers of Sm: TiO2 with a peak reflection in the blue-green at 512 nm ±3 




Figure 29: Reflection spectra of 175X TiO2:Sm layer coated P. sesostris replica illuminated with white 
light only showing reflectance from the replicated gyroid structure. 
Free standing replicas of P. sesostris butterfly dorsal wing green scales 
have been fabricated using a LbL SSG approach in which 0.75%mol Sm was 
doped directly via solution mixing into a titanium oxide matrix. In this fabrication 
method, the Sm is deposited at the same time as the Ti is being deposited 
leading to a well dispersed dopant in the host TiO2 matrix. This is important in the 
creation of PL replicas, due to the concentration quenching that occurs when 
lanthanide atoms are too near each other. This can either be due to too high of 
a concentration upon deposition or it can be due to a local density of Sm atoms.  
To achieve PL replicas, the coated P. sesostris dorsal wing green scales were fired 
in air to 600 ˚C for 6 hours with a ramp rate of 2 ˚C/min. The firing treatment 
allowed for full combustion of the native P. sesostris chitin while crystallizing the Ti-
Sm-O amorphous matrix.  
To verify the color being reflected was indeed coming from the structure, 
some TiO2:Sm coated P. sesostris replicas were mounted on tungsten needle 























(Model 7A probe, Micromanipulator Company, NV, USA) and were then FIB 
milled to remove the ridge structure of the P. sesostris replica to expose the 
gyroid structure underneath. Figure 30 shows an example of a 150X TiO2:Sm 
coated P. sesostris replica after FIB milling showing the retention of the gyroid 
structure.  
 
Figure 30: SEM micrograph of FIB milled 150X TiO2:Sm layer coated P. sesostris replica. A) View of 
full butterfly ling scale and B) zoomed in region of FIB milled region displaying the replicated gyroid 
structure. 
 
3.4.5 Effect of SSG Precursor Concentration on As-Coated Color Change   
For different applications of SSG, different concentrations of precursors 
have been used. Because different precursors have different reaction rates with 
water this is not surprising, but previous research has found concentrations for 
deposition that are adequate although not necessarily ideal.[7, 8] Previous 
research by John Vernon for coating the P. sesostris dorsal wing scales used a 
deposition concentration of 25 mM. This concentration was used for coating of 
butterflies in this research with Sm-Ti-O bearing coatings with similar results. To 
evaluate if the concentration could be reduced and still produce the same 
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results, the concentration of the coating solution was reduced to 12.5 mM and P. 
sesostris butterflies were coated in the same fashion as before.  
 
Figure 31: Optical Images of Surface sol-gel 12.5 mM Ti-O-coated P. sesostris green dorsal scales in 




Figure 32: Optical Images of Surface sol-gel 25 mM Ti-O-coated P. sesostris green dorsal scales in 
increments of 25 layers from no coating to 175 layers. 
Figures Figure 31 and Figure 32 show the relative change of the P. sesostris 
dorsal wing sections reflected color with deposition of SSG with 12.5 mM and 25 
mM solutions, respectively. Figure 32 shows a significant increase in the red shift 
of the reflected color as compared to Figure 31. This suggests that there is 
significantly less Ti-O being deposited per layer when the solution concentration 
is 12.5 mM as compared to 25 mM. To be consistent with previous research on 
coating the P. sesostris with SSG, all coatings used 25 mM solutions for testing. 
 
3.4.6 Static Reflection Measurements 
The P. sesostris dorsal wing green scales have been replicated using a few 
as 25 layers of Sm: TiO2 and as many as 175 layers. Although the precise coating 
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thickness has not been measured, from analog pure titania deposition each 
layer of Sm-Ti-O may be approximately 1 Å.  
 
Figure 33: The static tuning of the peak reflection of the as coated P. sesostris through additional 
layers of Sm-Ti-O 
Each additional layer of Sm-Ti-O that is applied to the poly photonic 
crystal (PPC) increases the filling fraction of the structure and shifts the peak 
reflected wavelength into the red. During the first 25 layers this effect is almost 
inappreciable but as more layers are added the effect is clearly apparent. 
Figure 34 shows the static tuning of reflected color by increasing the filling 
fraction of the native P. sesostris butterfly dorsal wing green scales through 
increased number of layers. 
The peak reflected color of the replica TiO2:Sm is likewise shifted to the red 
as more layers are applied to the native structure. Replicas with less than 50 
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layers have limited structural color and are dominated by scattered light. Near 
75 layers, the peak reflected light in the replica is vaguely blue and as more 
layers are added the color gradually shifts into the blue-green. The effect of 
coating thickness on reflection spectra can be seen in Figure 34. As the number 
of coatings increased, the peak reflected wavelength shifted nearly 100 nm. 
 
Figure 34: Peak reflection spectra of Sm: TiO2 P. sesostris replicas with 100, 125, 150 and 175 layers 
showing a progressive increase in the static reflection peak with increase in layer number. 
 Individual P. sesostris replica scales were mounted on needles and were 
subsequently etched with a focused ion beam (FIB) to expose the PPC and then 
imaged using an SEM.  

























Figure 35: SEM micrographs and optical images of P. sesostris wing scale replicas with A/B) 100 
cycles, C/D) 125 cycles, and E/F)150 cycles of a 25 mM mixture of 0.75%at Sm(III) isopropoxide 
and 99.25%at Ti(IV) isopropoxide. In all images, the ridge structure has been etched away using a 
FIB. 
Figure 35 shows the incremental color change in individual P. sesostris wing scale 
replicas. 
 
3.4.7 Multimodal Coloration Measurements 
Unaffected by the static structural coloration of the P. sesostris replica is 
the photoluminescent response of the Sm: TiO2 replica material. From 25 layers to 
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175 layers of Sm: TiO2, all replicas exhibited the same characteristic 
luminescence when stimulated with 365 nm light (see Figure 36). This 
corresponded to the PL emission spectrum of Sm3+ in titania reported previously 
[15].  
 
Figure 36: PL detected from a 75 layer TiO2:Sm P. Sesostris replica scale when excited under 365nm 
light. The spectra shows characteristic emission lines for Sm-doped titania.  
Both the PL of the replica material, Sm: TiO2, and the structural color from 
the replicated PPC have been shown independently through white light and UV 
illumination, respectively. The spectra of the two color sources do not overlap 
which suggests that there is the possibility for color mixing. To maintain the proper 
reference spectra and to keep the WL and UV illuminations constant though the 
various tests, the tests were performed in the order: WL only, UV +WL, UV only. 
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When the level of WL had been selected, the white standard was imaged as the 
reference, this was followed by closing the shutter and collecting a dark scan. 
The sample to be evaluated was then located and the spectra was gathered in 
reflectance mode. Next, the UV light source was added to the illumination and 
the spectra was gathered again in the reflectance mode. Then the WL source 
was turned off and the PL spectra was gathered in fluorescence mode. Figure 
37, below shows the three methods of illumination, the three spectra gathered, 
the three corresponding optical images of the full scale and three optical 




Figure 37: Demonstration of multimodal coloration in a Sm: TiO2 P. sesostris replica with 150 SSG 
layers. The three types of illumination are displayed from left to right: WL only, WL + UV, and UV only. 
Top to bottom are: the method of illumination, the gathered spectra, and the optical image for 
each method of illumination with overlaid on the optical images is a 6 μm X 6 μm square 
representing the location the spectral data was gathered and the last row is the optical image of 
the location the spectra was gathered. The spectral data was gathered from the exact same 
location with only change in the illumination method. 
To demonstrate that the optical reflectance of the structural color is not 
affected by the UV illumination, spectra gathered from all three modes is 
presented in Figure 38.  This shows no change in the reflection spectra in the blue 
region due to the PPC when the UV illumination is added to the WL illumination. 
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The graph shows the characteristic PL spectra of samarium doped in titania in 
the color mixed spectra as well as in the UV only spectra.  
 
Figure 38: Individual spectra gathered from three illumination conditions (WL, UV+WL, UV) on a Sm: 
TiO2 P. sesostris replica with 150 SSG layers.  
 
3.5 Concluding Remarks 
An intricate 3D biological structure was replicated with a conformal LbL 
SSG coated method and subsequent thermal treatment. It was demonstrated 
that the static reflection color can be tuned by controlling the number of 
deposition layers of the SSG coating. This work has shown that it is possible to 
fabricate freestanding inorganic photoluminescent replicas of biological 
structures that exhibit multimodal coloration. These structures have been shown 
to have both structural color which was retained during the replication process 
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along with PL coloration due to the replication material, Sm: TiO2. Future work 
could investigate using multiple PL materials to produce optically active 
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CHAPTER 4: Synthesis of TiO2 and BaTiO3 Based Pollen Replicas 
4.1 Summary 
Intricate three dimensional (3D) complex BaTiO3 & Ba1-xSrxTiO3, replicas of 
pollen particles have been synthesized with controlled deposition chemistry 
through the use of surface sol-gel (SSG) coating and subsequent thermal 
treatment.   
Tunable multimodal adhesion through coupling of structural VDW 
adhesion and electrostatic adhesion in a pollen replica was shown. A template, 
coating processes, and post-coating processing conditions were determined to 
create particles with a high dielectric constant made of nearly phase pure 
BaTiO3. The 3D structure of the SF template was shown to be reproduced in a 
consistent manner. Prior work by Dr. Goodwin has shown that various species of 
pollen can be readily reproduced and that Sunflower pollen in particular is a 
useful structure to replicate for purposes of adhesion.[1] Sunflower pollen has 
high aspect echini that allow for simplified VDWs force modeling due to the 
limited surface contact area.    
Replicating pollen has two major differences to that of replicating 
butterfly wing segments. The first is the structural material. Butterflies are made of 
chitin and pollen is made of sporopollenin. Both sporopollenin and chitin have an 
abundance of surface functional groups, with carboxyls on sporopollenin and 
hydroxyls on chitin that can be utilized for coating. The second major difference 
important for replication is the size of the pollen particles. SF pollen particles are 
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approximately 30 micron in diameter which requires filtration to allow for 
separation from the coating solutions.  
The materials and processing conditions used in the replication of the 
pollen particles were selected to produce high dielectric constant replicas. SEM 
was used to determine the as-coated and post firing condition of the particle. 
EDS and ICP-MS were used to determine the presence of components and 
composition of the coating. XRD was used to characterize the phases of the 




Adhesive microparticles play an important role in a variety of developing and 
mature technologies, including drug delivery, catalysis, water purification, anti-
fouling coatings, semiconductor processing, paints, printing, and xerography.[2-
9] Models have been proposed to understand the adhesion of spherical 
particles onto planar surfaces [10-15], and microparticles with non-spherical 
textured shapes are desired for a number of such technologies. Scalable 
production of microparticles with controllable surface features in a variety of 3D 
morphologies and tunable chemical properties remains a challenge.  
Pollen particles vary greatly in their size and shape and have a variety of 
surface morphologies.[16-21] Pollen partiles are also produced in large and 
reproducible quantities naturally.[22-29] Recently, adhesion measured via AFM 
has shown that for 3D replicas of pollen made of ferromagnetic hematite (α-
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Fe2O3)[30] or ferrimagnetic magnetite (Fe3O4) show significantly increased 
magnetic adhesion.[31] 
This research is focused on tailoring the attractive forces of intricate 3D 
particle through replication with a high dielectric material. One method of 
demonstrating electrostatic adhesion is to apply a voltage between the particle 
and the surface that it is attracted to. Native sunflower pollen have been 
converted into intricate 3D replicas via a SSG LbL coating process.[32, 33] 
Adhesion of replica sunflower pollen was measured via use of an AFM cantilever. 
An increase in the attraction was observed for the BT replicas when a voltage 
was applied between the replica and the nickel substrate. By controlling the 
replica material, the electrostatic adhesion was tailored. Other authors have 
demonstrated methods to chemically modify pollen [34-41] and other biological 
structures [42-51] for additional functionality. 
Barium titanate is of particular interest due to its use in the electro-ceramic 
industry for its ferroelectric properties. BT exhibits a cubic to tetragonal phase 
transition when its perovskite crystal structure is cooled below its Curie 
temperature (~120°C).[52, 53] Above the Curie temperature the BT has a cubic 
structure and is paraelectric, but below ~120 °C BT becomes tetragonal and has 
a permanent dipole which causes it to be ferroelectric. BT is commonly used in 
many applications including: ceramic capacitors, [54-57] PTC thermistors,[58-61] 
and piezoelectric transducers.[62, 63] Because of this wide range of applications, 
extensive research has been conducted to produce a verity of forms of 
BT(powders,[64, 65] thin films,[66, 67] nanoribbons,[68] nanorods,[69] 
nanospheres,[70, 71] nanotubes,[72] and nanowires [73, 74]). Limited research 
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has investigated the replication of intricate 3D structures with ferroelectric 
materials. Previous research has used a MWHT treatment to convert TiO2 
butterflies into BT while retaining the general morphology of the butterfly on the 
macro scale.[75, 76]  
Prior work has utilized the single precursor coating method to create TiO2 
replicas followed by conversion into BT.[77] In this work, a more direct method of 
producing BT replicas of organic structures was used that avoids the structure 
degrading volume contraction and expansion involved with crystalizing a replica 
into TiO2 and then hydrothermally converting it into BT.[77] The second method 
involved alternating exposure to the individual precursors, Barium and Titanium 
isopropoxide, to directly synthesize BT replicas after combustion of the pollen 
template and reaction of the BaO and TiO2 layers. When using the method by 
Vernon et al., there is a volume increase during the conversion from TiO2 to BT of 
approximately 89%.[77] When directly synthesizing BT for layers of BaO and TiO2 
there is no longer an increase in volume, but instead a smaller decrease in 
volume of ~15% (The volume changes were calculated using the molar densities 
from PDF cards (96-101-1363) for BaO, (00-021-1272) for Anatase, and (00-005-
0626) for tetragonal BT). Minimizing the volume change helped preserve the 
structure being replicated. This method was used to synthesize phase pure 
strontium titanate (ST), by alternating exposure to strontium isopropoxide and 
titanium isopropoxide precursors. Preliminary research into creating phase-pure 
BT replicas of pollen particles has been performed by Dr. Goodwin, [78] but the 
replicas in this research were not made of tetragonal BT and additionally had 
extensive sulfur contamination. 
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Barium Strontium Titanate (BaxSr1-xTiO3, BST) like BT can be a ferroelectric 
ceramic with an ABO3 perovskite crystal structure. BST is a solid solution of 
Strontium Titanate and Barium Titanate with lattice parameters between that of 
ST and BT.[79, 80] Vegard’s law can be used to estimate the lattice parameters 
of BST over the range of possible compositions (see Equation (14)).[81, 82] 
 
 
𝑎𝐵𝑆𝑇 = 𝑥𝐵𝑇𝑎𝐵𝑇 + (1 − 𝑥𝑆𝑇)𝑎𝑆𝑇  (14) 
 
Here, aBST, aBT, aST, represent a lattice parameter for BST, BT, and ST, respectively. 
xBT, and xST are the atomic fraction of BT and ST in the solid solution. XRD has been 
used to show that over the complete range of ST to BT only a single phase is 
present.[79] Additionally, the lattice parameter √𝑎2𝑐
3
 and the composition 
showed a very close relationship to Vegard’s law.[79]  
Also, because the Curie temperature of ST is near 35 Kelvin[83, 84] that of 
BT is around 393 Kelvin. Therefore, by controlling the ratio of barium to strontium, it 
is possible to tune the Curie point.[85, 86] Furthermore, the dielectric constant of 
a ferroelectric material is dependent on temperature. When a material is near its 
Curie temperature, there is maximum strain on the lattice and, because of this, 
the dielectric constant is greatly increased.[86] A potentially useful ratio of Ba:Sr is 
near 60:40. At this ratio, the Curie temperature is ~6.3 ºC.[87] The increase in 
dielectric constant should be beneficial to electro static adhesion.[88] Because 
the Curie temperature of BST can be tuned, BST can be used in applications in 
which BT is not sufficient such as switches,[89] tunable phase shifters,[90-93] 
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capacitors for tunable radio frequency and microwave devices,[94, 95] and 
dynamic random access memory.[96, 97] 
 
4.3 Experimental Procedures 
4.3.1  Template 
Pollen is a desirable type of template to use due to its biological 
replicability, availability, abundance and low cost. Although less intricate than 
the structure presented in the P. sesostris dorsal wing scales, pollen templates 
offer a wide range of features at both the micro- and nanometer range. Pollen 
templates were selected based on the general size, shape, and consistency of 
the features. The outer shell of pollen particles (the exine) is composed of 
sporopollenin, a polymer consisting of carboxylic acids cross-linked with aliphatic 
chains (HOOC-(CH2)n-COOH).[98] Similar to the effect of the abundant hydroxyl 
groups on chitin, the presence of abundant carboxyl groups allows for a direct 
reaction with isopropoxide precursors used in the SSG coating process. The 
templates of pollen used in this research were selected for their echini aspect 
ratio to allow for comparison to previous research on magnetic replication of the 
same species. The templates selected, were Sunflower (H. annuus) pollen 
particles. 
 
4.3.2 Cleaning of Pollen Particles 
Defatted pollen particles obtained from Greer Laboratories, (Lenoir, NC 
USA) were cleaned by soaking in 1 M hydrochloric acid (VWR, Suwanee, GA 
USA) for 1 h to remove residual inorganic material, followed by rinsing three times 
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with de-ionized water. The pollen particles were the soaked in anhydrous IPA for 
1 hr and dried by vacuum aspiration at room temperature for 15 min. 
  
4.3.3 SSG Coating of Pollen Particles 
Ti-Ba-O bearing coatings were deposited using the SSG method using a 
D1 robotic coating system explained in CHAPTER 2 on page 27. Coatings were 
applied to clean dry pollen in a special modified Medium or Coarse Buchner 
funnel (VWR, PA, USA) attached to a stopcock.  The reaction chamber was 
connected to a waste container and solvent trap and then to a vacuum pump. 
Inside of the reaction chamber with the pollen was a stir bar to mix the pollen 
and the precursors thoroughly during coating. On the outside of the reaction 
chamber was a bearing driven by a DC motor with a magnet attached. When 
the DC motor was turned on, the solution would be mixed. The mixer was used 
for each step of the deposition process when solution was in the reaction 
chamber.  
Each SSG deposition layer carried out by immersing pollen in 25 mM Ti (IV) 
isopropoxide (Alfa Aesar, Ward Hill, MA, USA) in anhydrous isopropanol (99.8+% 
purity, Acros Organics, Geel, Belgium) for 5 min at allow for chemisorption of Ti-O 




Figure 39: Schematic showing SSG deposition of Ti (IV) isopropoxide in individual layers.  
 For deposition of Ba-Ti-O bearing coatings, i) immersing pollen in 
alternating layers of 12.5 mM Ba (II) isopropoxide in anhydrous isopropanol 
(99.8+% purity, Acros Organics, Geel, Belgium) or 12.5 mM Ti (IV) isopropoxide 
(Alfa Aesar, Ward Hill, MA, USA) in anhydrous isopropanol (99.8+% purity, Acros 
Organics, Geel, Belgium) for 5 min at allow for chemisorption of Ba-O or Ti-O. The 
ratio of Ba-O layers to Ti-O layers was varied. ii) The pollen were rinsed three times 
with isopropanol (99.5+% purity, BDH, PA, USA) to remove any physisorbed 
precursor, iii)immersed in 60%v DI water in isopropanol for 5 min, to allow for 
hydrolysis of alkoxide layer, iv) rinsed 3 times with isopropanol and v) and dried 
with RT air by vacuum filtration for 5 minutes. This process (alkoxide incubation, 
isopropanol rinse, DI incubation, isopropanol rinse, drying) was repeated for up to 




Figure 40: Schematic showing SSG deposition of Ba(II) isopropoxide and Ti (IV) isopropoxide in 
alternating layers. The ratio of Ba-O to Ti-O layers could be varied to control the ratio of barium to 
titanium in the coating.  
For deposition of strontium, barium, and titanium oxides, the Ba (II) 
isopropoxide was mixed with the Sr (II) isopropoxide and alternatingly deposited 




Figure 41: Barium and Strontium isopropoxide are mixed together in a common solution in method 
4 to create a solution with the desired Ba:Sr alkoxide ration to yield the desired ratio in the final 
coating. Ba/Sr-iso and Ti-iso layers are alternated to attain the appropriate ratio of site A atoms to 
site B atoms. 
 
4.3.4 Organic Removal and Conversion to Oxide Replica 
Inorganic replicas were created by firing coated samples in inert crucibles 
(MgO or Al2O3) in a tube furnace (Lindberg Blue M, Thermo Fisher Scientific Inc., 
MA, USA) at generally 450 °C to 600 °C and held at temperature for generally 4 
to 6 hr in air to allow for combustion of the organic and crystallization of the 
coating material. The furnace was then cooled at 120°C/hr to below 100°C 
before removal of the sample from the furnace. 
Coated pollen being fired solely for EDS, XRD, and ICP-MS analysis, fusing 
of individual particles is not problematic thus they could be fired directly in an 
MgO crucible. Alternatively, when the individual particles needed to be 
identified, MgO wafers (MTI Corp, CA, USA) or onto nickel foil (25.4 µm thick, 
McMaster-Carr, Cleveland, OH, USA) were used as substrates and powders were 
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dispersed on the surface. Coated powders were dispersed in IPA and then 
pipetted onto MgO wafers and allowed to dry. Each wafer was inspected using 
an optical microscope to insure even dispersal of the particles (A-Zoom2, 
Micromanipulator inc., CA, USA). The wafer could then be placed in an MgO 
crucible and fired.  
 
4.3.5 Morphology Analyses 
The morphologies of the uncoated pollen particles, SSG-coated pollens, 
coated and fired pollens, titania replicas, and barium titanate replicas were 
characterized with SEM, EDS, and XRD. The microstructure of uncoated pollens, 
SSG-coated pollens, and all inorganic replicas were imaged with a field-emission 
scanning electron microscope (1530 FESEM, Carl Zeiss, NY USA). The chemical 
composition was evaluated with an energy dispersive X-ray spectrometer (EDS) 
(INCA 7426, Oxford Instruments, UK) which was used in combination with the 
above SEM.   
For samples sputtered with gold, a Quorum Q150T ES (Energy Beam 
Sciences, INC., CT, USA) sputter coater was utilized to sputter gold for 60 seconds 
at 20 mA.  Cross-sections of samples were created by milling via focused ion 
beam (FIB) milling (Nova Nanolab 200 FIB/SEM, FEI, OR, USA).   
Phase identification of replicas was evaluated using X-ray diffraction 
(XRD) analysis. XRD was conducted using an X’Pert Pro Alpha-1 diffractometer 
(PANalytical B.V., ALMELO, Netherlands) with monochromatic Cu Kα1 (1.540598 
Å) radiation from a 1.8 kW (45 kV, 40 mA) X-ray tube filtered via a symmetrical 
Johannson monochromator and detected by an X’Celerator detector. The 
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source was limited by a 1° fixed anti-scatter slit, a ½° programmable divergence 
slit, and a 15 mm mask.  The diffracted x-rays were subject to a 0.04 radian soller 
slit and a 5.5 mm anti-scatter slit before the X’Celerator detector. Diffraction 
specimens were placed on B doped p-type Si zero background plate (MTI Corp, 
CA, USA). The sample support was rotated at 8 sec per revolution. 
 
4.4 Results and Discussion 
4.4.1 Pollen Shape Preservation 
The as-coated SF pollen particles were fired in air to 500 °C at a ramp rate 
of 0.5 °C/min with no hold, the ramp rate was then increased to 3 °C/ min and 
the furnace was heated to 1000 °C and held for 2 hours. The slow ramp in 





Figure 42: Secondary electron (SE) images of a,b) the native Sunflower pollen particles, c,d) a Ti-O 
SSG pollen particle after organic combustion and conversion into TiO2 and, e,f) non-phase-pure BT 
replicas synthesized with an alternating SSG layer approach after firing to 1000 °C for 2 hr. Images 
courtesy of Dr. Goodwin. 
After combustion was completed, the replica was heated to allow for reaction 
of the Ba-O and Ti-O into polycrystalline BT. The diameter average of the native 
SF pollen was 28 ± 5 μm. The BT replicas showed a 35% reduction in size with 
inorganic replica diameters of 18 ± 5 μm. The pure TiO2 replicas showed a 
greater reduction in size shrinking approximately 56% from the initial size and 
having diameters of 12 ± 4 μm. The greater reduction in size of the TiO2 is 
suspected to be due to the increased deposition of Ba-O compared to Ti-O per 
layer. The high aspect spines and general shape were maintained even with the 




4.4.2 Control of Barium to Titanium & Barium to Strontium Ratios in SSG Coatings 
For purposes of maximizing the potential dielectric constant of a replica 
material and thus the potential electrostatic adhesion, the deposition of barium 
to titanium oxides must be equivalent to produce phase pure BaTiO3. If the 
stoichiometry is off, secondary phases form. The binary phase diagram of BaO 
and TiO2 shows that barium titanate is a line compound at 50% titania and thus 
the ratio of BaO to TiO2 needs to be 1-1.[99, 100]  
 
Figure 43: The binary phase diagram of BaO-TiO2. The desired phase, BaTiO3 is represented as a line 
compound at 50% TiO2.[100] 
The binary phase diagram above shows that if there is an excess of TiO2 
then a solid solution of BT and BaTi2O5 would form, but if there is an excess of 
BaO, Ba2TiO4 could form as a secondary phase. Because of this, it is greatly 
preferably to have equal amounts of BaO and TiO2. To control the ratio of BaO to 
TiO2 in the coating, the number of ratio of layers was varied. If both precursors 
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deposited the same amount of material per cycle, the required ratio would be 
1:1, but this has not been shown to be true. Previous investigation looked into a 
1:1 coating procedure, but found there was too much barium in the coating.[78] 
The as-coated barium to titanium ratio was investigated by coating 50 total 
layers of material onto sunflower pollen in an alternating fashion. The ratios used 
were 1 Ba : 1 Ti, 1 Ba : 2 Ti, 2 Ba : 3 Ti, 3 Ba : 4 Ti. In this investigation the following 
precursors were used: 25 mM Ti(IV) isopropoxide (Alfa Aesar, Ward Hill, MA USA) 
and 12.5 mM Ba(II)isopropoxide (Alfa Aesar, Ward Hill, MA USA). To quantify the 
as coated ratio of barium to titanium, EDS (INCA Model 7426, Oxford Instruments, 
Bucks, UK) was used after being calibrated with a piece of titanium foil 
(McMaster-Carr, Cleveland, OH, USA). Result of the four coating ratios can be 
seen in Figure 44.  
 
Figure 44: Graph of Barium to Titanium ratio from EDS vs Barium to Titanium ratio of layers deposited 
via SSG. EDS data was gathered from a minimum of three samples and the error bars represent one 
standard deviation.  
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This data suggest that when a ratio of 2 barium layers to 3 titanium layers is 
deposited, the ratio of material deposited should be nearly 1:1. Thus for 
producing phase pure BT, a ratio of 2:3 barium to titanium was used.  
 The samples with the variable amounts of barium and titanium were then 
fired to 1000 °C for 2 hr to crystallize the coating and remove the pollen 
template. EDS analysis of the replica pollen shows that the amount of barium in 
the coating is proportional to the amount of sulfur retained in the replica shell, 
see Figure 45. 
 
Figure 45: Defatted pollen, 1M HCl; 50 total SSG cycles w/Ba(II), Ti(IV) isopropoxide, Ba:Ti ratio = 1:2; 
2:3; 3:4; 1:1; 1 °C/min to 500 °C, 3 °C/min to 1000 °C, 2 hr; in stagnant air) Ti only: 1oC/min 800 °C, 2 
hr stagnant air 
This data suggests that the sulfur is being retained in the replica shell and is 
possibly inhibiting the growth of BT by leaching away the barium to form BaSO4. If 




































the amount of sulfur in the replica was minimal then the coating could be 
designed to have excess barium to bond with the sulfur and still have enough to 
form BT.  
 Controlling the barium to strontium in the SSG coating was determined in 
a separate manner. Barium titanate and strontium titanate have complete solid 
solubility and as such it does not have a phase related necessity to have a 
precise ratio in the coating, see Figure 46.  
 
Figure 46: BaTiO3 and SrTiO3 exhibit complete mutual solid solubility.[79] 
The ratio in the coating is important for controlling the curie temperature of the 
BST and thus the point at which the structure undergoes a phase change from 
cubic to tetragonal.  When a material is near its Curie temperature, there is 





Figure 47: A plot of the dielectric constant of various compositions of Ba1-xSrxTiO3 sintered at 1450 °C 
for 1 hr.[101] The dielectric constant increases as the temperature nears the curie temperature.   
To produce replica particles that are ferroelectric, the ratio of barium to 
strontium needs to be such that the Curie point is just above that of the 
operating conditions. When the sample temperature is above the Curie 
temperature BST is paraelectric. The barium to strontium ratio was evaluated by 
performing inductively coupled plasma mass spectroscopy (ICP-MS) analysis on 
samples with varying amounts of barium and strontium. The samples were 
coated with two precursors, the first was 25 mM Ti(IV) isopropoxide (Alfa Aesar, 
Ward Hill, MA USA) and second was a mixture of Ba(II)isopropoxide (Alfa Aesar, 
Ward Hill, MA USA) and Sr(II)isopropoxide (Alfa Aesar, Ward Hill, MA USA) to 
produce an overall concentration of 12.5 mM. All of the samples were coated 
with a 3:2 ratio of barium/strontium layers to titanium layers. The only variable 
that was changed was the relative amounts of barium and strontium precursors 
in the coating solution. The results, Figure 48, suggest that strontium precursor is 
109 
 
slightly less reactive than that of the barium precursor and thus a less than unity 
deposition rate was observed. 
 
Figure 48: ICP results of Barium to Strontium ratio obtained by coating defatted SF pollen with 50 
layers of Sr, Ba and Ti isopropoxide. The A-B ratio was held at 2-3 and only the ratio of Sr-Ba was 
changed in solution.  
By using the data from this analysis, the amounts of barium, strontium and 
titanium could be predicted in the replica particle to produce replicas with 
specific compositions. 
 
4.4.3 Removal of Sulfur During Replication 
Preliminary to the synthesis of BST replicas of pollen particles, BT replicas of 
Sunflower (SF) pollen via a LbL SSG process were created using an alternating 
layer deposition method. The previous section has already discussed how the 
ratio of BaO and TiO2 was controlled and why it is important for forming phase 
pure BT. Initially, the as-coated SF pollen particles were fired in air to 500 °C at a 
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ramp rate of 0.5 °C/min with no hold, the ramp rate was then increased to 3 °C/ 
min and the furnace was heated to 1000 °C and held for 2 hours. This process 
produced shape replicating pollen particles, but there were contaminate 
phases present. 
Sulfur was detected by EDS in the replica coating and BaSO4 was 
confirmed as an impurity phase by the XRD analysis in Figure 49. To create a 
replica with a high, reproducible, and known dielectric constant, it is highly 
preferable that the replica be phase pure, only containing BT without any 
contamination phases like BaSO4. BaSO4 has a low dielectric constant of ~9 [102] 
and also consumes some of the barium from the BT, which can cause the 
formation of a titanium-rich phase to further contaminate the replica.  
 
Figure 49: Left) XRD pattern for the BT replicas synthesized with alternating layers of Ti/Ba SSG. 
Courtesy of Dr. Goodwin. Right) EDS of various replica compositions from pure Ti-O to increasing 
amounts of Ba-O up to equal amounts of Ba to Ti layers. 
Barite (BaSO4) forms readily under commonly used firing conditions. 
Barium reacts with sulfur in the presence of oxygen to form barite which is not 
easily removed. Solubility of Barite in hot water was found to be around 10-5 
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M.[103] Barite can be successfully dissolved (1 M solubility) using a mixture of 
NH2OH-HCl in 1 M HNO3 when boiled for 20 min.[104] Unfortunately, BT is also 
soluble in warm HNO3-HCl.[105] Hence, if the Barite was dissolved the BT would 
also be dissolved. The sulfur is present in the native pollen structure as indicated 
by the EDS analysis in Figure 50. 
 
Figure 50: EDS of cleaned sunflower pollen with no SSG coatings shows the presence of sulfur. 
 
Although the barite cannot easily be selectively dissolved, it can be removed via 
decomposition at high temperature into SO3 gas and BaO. The BaO can then 
react with TiO2 to form BT.  The reaction is shown in Equation (15): 
 
 
𝐵𝑎𝑆𝑂4 =  𝐵𝑎𝑂 + 𝑆𝑂3(𝑔) (15) 
 
For this reaction to able to occur, the standard Gibbs free energy change of the 
reaction needs to be negative (see Figure 51).[106, 107]  
 

























Figure 51: The standard Gibbs free energy change for the reaction of BaSO4 into BaO and SO3 gas. 
 
Equation 9 gives the relation of the activities of the reaction products and 









If the activities of the solids are assumed to pure, stoichiometric oxides & pure 
stoichiometric oxide reference state, they become unity. If the SO3 gas is 
assumed to be an ideal gas and the activity of an ideal gas is the partial 
pressure divided by the reference pressure (1 atm) then Equation 9 becomes 
Equation 10.  
 




Therefore, with the temperature dependence of the standard Gibbs free energy 
change, the equilibrium partial pressure of SO3 gas can be determined. When 
the partial pressure of the SO3 gas is lower than that of the equilibrium pressure, 
the reaction was thermodynamically favorable.  
 
Figure 52: The equilibrium partial pressure of SO3 in the decomposition of BaSO4 from 0 °C to 1600 
°C.  
 
By flowing air over the sample while it was fired at 1200 °C the sulfur was 
removed from the samples. EDS shows that when identical samples were fired in 
stagnant air the sulfur was retained, but when it was fired in flowing air the sulfur 




Figure 53: EDS of fired pollen replicas in stagnant air at 1000 °C and in flowing air at 1200 °C for 2 hr 
shows no sulfur in the sample with flowing air.  
 The problem with this method for sulfur removal is that it involved a high 
temperature firing process and the coated pollen does not retain its shape at 





Figure 54: 30 layer 3Ti-2Ba SSG coated SF pollen replicas fired (left) at 1000 °C in stagnant air and 
(right) in flowing air at 1200 °C. The sample fired at 1200 °C in flowing air did not retain its shape, but 
was sulfur free.  
 Because the sample does not retain its shape at the temperature required 
to remove the sulfur, a new method was developed. In a closed atmosphere, if 
the partial pressure of SO3 could be brought below that of the equilibrium partial 
pressure for the SO3 gas at the sample then the sulfur could be removed from the 
sample. The new method utilizes the fact that the equilibrium partial pressure of 
SO3 decreases exponentially as the temperature is reduced, see Figure 52. The 
sample was placed at one end of a closed ampule with an abundance of BaO2 
at the other end (Figure 55).  
 
Figure 55: Schematic of the controlled atmosphere reactor design used to remove Sulphur from the 
barium titanate. On the left was BaO2 used to getter the SO3(g) from the atmosphere at a lower 
temperature than the BT on the right side at a higher temperature. 
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The sample was in one zone of a multi zone furnace set to 700 °C, the BaO2 was 
positioned in a different zone set to 600 °C. Because there was an abundance of 
BaO2, and it was set at a lower temperature, the partial pressure of SO3(g) in the 
atmosphere would be that of the equilibrium partial pressure at 600 °C and 
would remove the SO3 from the sample that has a higher equilibrium partial 
pressure. 
 
Figure 56: XRD patterns of 30 layer 3Ti-2Ba SSG coated SF pollen replicas fired at 700 °C in sealed 
ampule with (top) no SO3 getter on other side at 700 °C, (center) with BaO2 on other side at 600 °C, 
(bottom) with ampule open to air . 
  The data (Figure 56) on this work suggests that firing with a controlled 
atmosphere with BaO2 at a lower temperature than the sample can yield phase 
pure BT. The presence of Witherite suggests a low pO2 which could assist in 
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inhibiting the formation of Barite. The presence of Barite in the open ampule 
confirms that the heating conditions alone are not the cause of the pure BT. 
Although BaS was occasionally found in the replicas, it could be removed via 
washing with DIW. 
 
4.4.4 Creation of Tetragonal BT Sunflower Replicas 
The initial conditions used to remove the sulfur were adequate to form 
sulfur-free phase-pure barium titanate, but the resulting phase was not 
tetragonal BT. This cubic BT was due to the small grain size of the replica shell. 
When BT has a very small grain size, the Curie temperature is shifted to a lower 




Figure 57: XRD patterns of 50 layer 3Ti-2Ba SSG coated SF pollen replicas fired at 1000 °C in sealed 
ampule with BaO2 on other side at 800 °C for top: 8 hours and middle: 4 hours. The bottom sample 
was fired 800 °C in sealed ampule with BaO2 on other side at 600 °C for 4 hours. The sample fired for 
8 hours has larger grains and is tetragonal. 
Figure 57 shows that the when the 50 layer 3Ti-2Ba SSG coated SF pollen replicas 
were fired for 4 hr at 1000 °C as opposed to 800 °C the peaks became sharper, 
but the sample was not tetragonal. When the sample was fired for 8 hr at1000 °C 
the XRD shows that the phase is tetragonal BT. This is significant because the 
grains must be grown large enough to be tetragonal at room temperature 




Figure 58: Zoomed in view of the (002) peak of the cubic BT (Top) and of the (002) and (020) peaks 
in the tetragonal BT (Bottom). The tetragonal sample was fired for 8 hours as opposed to on 4 hours 
for the cubic sample, both at 1000 °C.  
Scherrer analysis of the (110) peak of the barium titanate in each sample 
showed how the grains grew as expected with higher temperatures and longer 
dwell time.  
Table 3: Effect of firing conditions on crystallite size based on Scherrer analysis of BT (110) peak.  
Firing Conditions Crystallite size (Å) 
800 °C – 4 hr 151 ± 10 
1000 °C – 4 hr 302 ± 10 
1000 °C – 8 hr 560 ± 10 
 
4.4.5 Long Range Electrostatic Attraction 
Scherrer analysis of the BT (110) diffraction peak from Figure 49 yielded an 
average crystallite size of 28 ± 1 nm. Measurements of adhesion of TiO2 and BT 
inorganic replicas of SF pollen particles on various substrates (mica, Si, PVA, 
PVAc, PS, and Au-Si) have shown a stronger VDW adhesion in the BT replicas 
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compared to the TiO2 replicas. When the replicas are tested on a freshly cleaved 
mica substrate, with a charged surface, the BT replica has an increase in 
electrostatic adhesion of approximately 50 nN whereas the TiO2 replica has an 
increase of only ~10 nN. 
 
Figure 59: AFM adhesion values for TiO2, BT with barite contamination, and BT without barite 
contamination (fired for 8 hr) replicas on different substrates. Courtesy of Donglee Shin. 
Long range adhesion measurements have been made with pollen 
replicas made of titania, cubic BT, and Sulphur free tetragonal BT. The data is 




Figure 60: AFM long range adhesion forces for Native Sunflower pollen, TiO2 replicas, cubic BT 
replicas, and tetragonal Sulphur free BT replicas under 20V bias. The Sulphur free samples show 
statistically significate increase in long rang adhesion compared to all other samples. All error bars 
represent one standard deviation. Courtesy of Donglee Shin. 
The long range adhesive force of the tetragonal Sulphur free pollen replicas is 
statistically greater than all other samples. The significant increase in the force in 




Figure 61: AFM long range adhesion forces for tetragonal Sulphur free BT replicas under 0V to 20V 
bias. Although there is a large amount of error in the nearest measurement, the samples show 
statistically significate increase in long rang adhesion upon increase in applied voltage. All error 
bars represent one standard deviation. Courtesy of Donglee Shin. 
Initial data has also been recorded for non-phase-pure BT and 
Ba0.7Sr0.3TiO3 for long range adhesion with applied voltages of 0, 10 and 20V. The 
data shows an increased adhesive force in the BST when compared to the BT, 
see Figure 62.  
 
Figure 62: Long range adhesion data measured against Ni substrate with voltage applied for 
Ba0.7Sr0.3TiO3 and (right) BT. Courtesy of Donglee Shin. 
Preliminary XRD results of non-phase-pure BST show a shift in the (110) diffraction 
peak demonstrating mixing of the barium and the strontium in the A sites. There 
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are many contamination phases present, by applying the methods described 
above, for removing barite from BT, most if not all of the contamination phases 
may go away.  
  
Figure 63: Powder XRD results showing a shift in the (110) peak showing the mixing of BT and ST. Left: 
Entire XRD plot shows contamination and multiple phases. Right: Peak shift of (110) is due to mixing 
of Ba and Sr on A sites.  
 
4.4.6 Concluding Remarks 
An automated SSG coating process has been developed to apply 
chemisorbed Ti-O and Ba-O coatings to sunflower pollen via alternating layers of 
Ti-O and Ba-O via exposure to the alkoxide precursor solution followed by rinsing 
and water. Subsequent burning of Ba-Ti-O coated specimens yielded BT replicas 
that retained the 3D pollen shape and sharp spines, which indicated that the 
surface carboxyl density of the sporopollenin on the pollen exine was sufficient as 
to allow for the generation of continuous chemisorbed Ba-Ti-O-bearing layers 
that remained inter-connected upon firing. The Ba-O to Ti-O ratio was 
investigated and a method of controlling the deposition ratio was devised based 
on solution concentrations and ratio of SSG cycles. 







































































Sulfur-containing phases were commonly found in BaTiO3 containing 
replicas. The sulfur-containing phases were either removed of prohibited from 
forming via thermal treatments in a closed ampule. The SO3 gas in the sealed 
ampules was controlled with the use on BaO2 at a lower temperature than that 
of the Barium Titanate Replicas to pin the partial pressure below that in the BT. 
This process was successful in prohibiting the formation of BaSO4 in the replica 
particles. Although BaS was occasionally found in the replicas, it was removed 
via washing with DIW. Tetragonal BT pollen replicas that maintained the structure 
of the pollen were synthesized by firing the coated pollens at 1000 °C for 8 hours.  
BST pollen replicas were generating using a SSG process consisting of 
alternating a Ti-O precursor and precursor solution mixed with Sr and Ba. The ratio 
of Ba:Sr was varied in solution and the resulting effect on the Ba:Sr ratio was 
monitored. This allowed for pollen replicas with tunable dielectric constants to be 
fabricated.  
These processes were shown to be capable of producing BT and BST 
pollen replicas that have long range electrostatic adhesive properties. These 
replicas also showed increased adhesion when a voltage was applied to them 
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CHAPTER 5: Evaluation of the Deposition Behavior of Titanium and 
Barium Alkoxides on Silica 
5.1 Summary 
In this chapter, the deposition behavior of titanium, and barium 
isopropoxide precursors on silica substrates has been investigated. The scientific 
knowledge gained in this study is directly relevant to the SSG coating method 
used in the previous chapters. The titanium precursor, Ti(IV) isopropoxide, was 
studied the most thoroughly, with preliminary investigation into the deposition of 
Ba(II) isopropoxide. Isothermal models were evaluated for titanium and for 
barium precursors. The layer-by-layer deposition of Ba(II) isopropoxide, and Ti(IV) 
isopropoxide were evaluated. Additionally for Ti(IV) isopropoxide, the limited 
kinetic rate of reaction was evaluated at the concentration of 12.5 mM.  
 
5.2 Introduction 
The surface sol-gel coating method has been used to deposit a variety of 
oxides including Sn-O, Ti-O, W-O, Er-O, Sm-O, Ba-O, Fe-O, and Zr-O. It has been 
shown that the various precursors for these oxides react at different rates[1]. 
However, no research to date has investigated the specific kinetics of reaction 
occurring during SSG deposition and how the process rate might be controlled. 
Control of the reaction kinetics would be useful for making the coating process 
more efficient, more precise, and less expensive. As an initial investigation into 
the kinetics of deposition of alkoxides via the SSG LbL method, the deposition of 
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Ba-isopropoxide and Ti-isopropoxide onto a QCM crystal (with SiO2 on its surface) 
has been examined in this work.  
Ichinose and Kunitake have examined the LbL, as-deposited mass gain of 
various alkoxide precursors.[1, 2] Silicon methoxide, Titanium n-butoxide and 
others were analyzed for their per-layer mass gain, but the coatings were 
examined ex-situ and the thickness of each additional layer increased as the 
precursor solution was exposed to air.[1] This was likely due to hydrolysis in 
solution leading to polymerization of the precursor fluid. In this research, the QCM 
in-situ measurements allowed for avoidance of such contamination. 
 
5.3 Theory  
5.3.1 Evaluation of Equilibrium Adsorption 
In order to utilize a particular alkoxide for binding to the surfaces of silica 
(or any hydroxylated or carboxylated surface), the influences of the conditions 
of the alkoxide-bearing solution (e.g., concentration, temperature) and the 
surface chemistry of silica (or any hydroxylated or carboxylated surface) on the 
equilibrium loading and distribution of alkoxide species on such surfaces need to 
be understood. Knowledge of the influences of such solution and substrate 
conditions on the rate of alkoxide binding can also shed light on the kinetic 
mechanism(s) of such binding, as well as to allow for determination of the time 
required to achieve an equilibrium alkoxide surface concentration. 
In-situ Quartz Crystal Microbalance (QCM) analysis was utilized to 
investigate the kinetics of alkoxide adsorption on, and desorption from, a 
hydroxylated surface. The rate-limiting step(s), and associated kinetic rate laws, 
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for a single alkoxide adsorption and desorption to/from a hydroxylated surface 
under varied solution conditions have been examined. 
The alkoxides selected have all been used to generate conformal 
coatings on hydroxyl-rich surfaces. Initially, the precursors were tested individually 
to study the growth of individual precursors in solution. Deeper understanding of 
the mechanism of alkoxide adsorption onto silica (or other hydroxylated 
surfaces) could be obtained by evaluating the kinetic mechanism(s) associated 
with such physisorption.  
The equilibrium adsorption of a precursor onto a SiO2 coated quartz 
crystal was analyzed for various bulk solution concentrations using QCM analysis. 
The mass deposited per area, Δm/A, resulting from precursor adsorption from a 
flowing aqueous solution onto the silica coated quartz crystal was tracked in real 
time via the associated change in resonance frequency (ΔF) of the vibrating 
quartz crystal. For a dense film, this relationship is described by the Sauerbrey 









Here, ΔF is the change in frequency of the QCM crystal, f0 is the resonance 
frequency of the QCM crystal, Δm is the change in mass on the QCM, A is the 
area of the sensor, ρq is the density of the quartz (2.648 g/cm3) and Gq is the 
shear modulus of the QCM (29.47 GPa). The adsorption onto the silica surface 
was tracked in real time for a variety of concentrations. The influence of the 
concentration of a precursor in solution on the equilibrium adsorption was 
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evaluated by comparison to a number of equilibrium isotherms. For example, 
with the Langmuir isotherm, each surface site is assumed to accommodate one 
molecule, all adsorption sites are assumed to have equal affinity for the 
adsorbing species, and the adsorption of a given molecule is assumed to be 
independent of the presence of adsorbed species on neighboring sites; that is 
the Langmuir model assumes no interaction between adsorbed molecules.[5] 
The Langmuir model assumes no interaction between molecules. Under these 









Here, i is the equilibrium adsorption, K is the equilibrium rate constant, isat is the 
saturation adsorption, and ai is the activity of the reactive species. For a 
sufficiently dilute solution (precursor concentration < 100 mM), it is reasonable to 
assume that the concentration of the precursor will fall in the Henry’s law regime 
for the bulk solution. In this case, the activity coefficient for the precursor is 
independent of the precursor concentration. Thus, with the use of a Henrian 










Here Ci is the concentration of the reactive species in the precursor solution.  
Commonly, adsorption onto a surface is defined not by the equilibrium 
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adsorption, i, but instead by the ratio of equilibrium adsorption to saturation 








 Rearranging Equation (20) to solve for the inverse of the equilibrium 















This equation allows for the inverse of the equilibrium adsorption to be plotted 
against the inverse of the bulk solution concentration and, if the model is correct, 
the plot will produce a straight line. If a straight line is produced, the saturation 
adsorption can be determined from the y-axis intercept and the equilibrium 
constant can then be evaluated from the slope of the line.  
 If the affinities of adsorption sites on the silica surface for a given precursor 
differ appreciably, then the Langmuir isotherm is not expected to be correct and 
the plot based on Equation (22) is not expected to be linear.  
An alternative is the Freundlich model, which considers the presence of 
surface sites with different enthalpies of adsorption.[6] The filling of these sites 
results in an exponential decay in the adsorption enthalpy of remaining 







𝑛⁄  (23) 
 
Here, n is a measure of the heterogeneity in the enthalpy of adsorption for 
different surface sites and Kf indicates the adsorption capacity of the surface. 
Unlike the Langmuir model, the Freundlich model has been shown to be 
accurate at high concentrations, but fails to adhere to Henry’s law for low 
concentrations, where i should be linearly related to Ci.[7, 8] This model can be 
evaluated by rearranging Equation (23) after taking the log of both side of the 
equation. 
 
 𝑙𝑜𝑔 𝛤𝑖 = 𝑙𝑜𝑔𝐾𝑓 +(1 𝑛⁄ )𝑙𝑜𝑔 𝐶𝑖 (24) 
 
With Freundlich’s model in this form, the raw data can be plotted and a linear 
regression can be used to evaluate the quality of fit of the data.  
 To produce a more accurate model, Redlich and Peterson developed a 
hybrid isotherm which is characteristic of Langmuir behavior at low 













Here, K, Kf, and n are from the Langmuir and Freundlich models. These models 




 As mentioned, the Langmuir model is the simplest model and it assumes 
that the adsorption of a given molecule is independent of the occupation of 
neighboring adsorption sites. For a given precursor, this assumption may not be 
valid at sufficiently high levels of adsorption. With high levels of adsorption, the 
influence of lateral interactions (electrostatic or steric) may have a significant 
influence on the adsorption equilibrium. To account for these interactions, Fowler 












Here, k is Boltzmann’s constant, K is an equilibrium constant, T is Temperature, 
and ω is the relative interaction energy between nearest-neighbor adsorbed 
species on the silica surface. The fit of this model can be evaluated with the 
same method as before, by linearizing the equation and plotting the data. The 











If such adsorbate - adsorbate interactions on the silica surface are significant, 
then a plot of ln[Ci(1-Θi)/(Θi)] vs. Θi will yield a straight line, from which the 
intercept and slope may be used to calculate the equilibrium reaction constant, 
K, and the interaction energy, ω, respectively.[13] In such a case, the value of ω 
is negative or positive for repulsive or attractive interactions, respectively, with 
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the magnitude of ω revealing the strength of the interaction between 
adsorbates.  
 These two possible deviations from the Langmuir model were accounted 
for and the data was compared to the models. For non-negligible heterogeneity 
in the binding affinity of surface sites the Freundlich model was used, whereas for 
non-negligible interactions between adsorbates, the Fowler and Guggenheim 
model was used. Other models [14-18] have been produced to provide more 
accurate isotherms for different systems, but they were not examined in this 
research.  
Future researchers could investigate the applicability of other isothermal 
models. A variety of other isotherms have been developed and reported in the 
literature and could lead to greater insight into the adsorption. These include, 
but are not limited to: the Temkin model[14] (the enthalpy of adsorption 
decreases linearly with an increase in the fraction of filled sites), the Toth 
model[15, 16] (the enthalpy of adsorption follows an asymmetrical quasi-
Gaussian distribution), Flory-Huggins model[17] (pre-adsorbed solvent molecules 
are replaced by the adsorbate), and the Halsey model[18] (a Fowler and 
Guggenheim type isotherm for lateral interactions between 3 or more 
adsorbates). 
 
5.3.2 Kinetic Mechanism (Rate limiting Step) of Reaction 
The process of adsorption from a liquid solution may be rate limited by 
mass transport of a reactant species toward, or product species from, the 
solid/liquid interface and/or by a chemical reaction at the solid/liquid interface.  
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For liquid-phase diffusion control (i.e., for rapid chemical reactions at the 
solid/liquid interface), the change of adsorption with time, 𝑑(Γ𝑖
𝑡) 𝑑𝑡⁄  (expressed 
as the change in adsorbed mass per area per time), may be described by a 











𝑡 is the adsorption of species i in time t; 𝐷𝑖 is the diffusion coefficient of this 
species through a concentration boundary layer in the liquid; 𝐶𝑠 and 𝐶𝑏 refer to 
the concentration of this species in the liquid at the solid/liquid interface and in 
the bulk solution, respectively; and 𝛿𝑖 is the concentration boundary layer 
thickness for species i. For laminar flow past a flat plate, the concentration 









Here X is the distance from the leading edge of the plate, 𝑣 is the kinematic 
viscosity of the liquid, and 𝑉 is the velocity of the bulk fluid. Hence, the mass-












This equation indicates that, for the case of liquid phase diffusion control, the 
change of adsorption with time should be constant with time (since there is no 
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time-dependent term on the right side of Equation (30), and should increase with 
the square root of the velocity of the bulk fluid past the plate, until the 
equilibrium adsorption, Γ𝑖
𝑠𝑎𝑡, is achieved. 
Because the QCM flow chamber is very small in the z-direction (chamber 
height = 0.64 mm), it is possible that the flow will not exhibit a standard flow-past-
a-flat-plate boundary layer profile. Equations have been proposed, for 
microfluidic flow chambers with surface reactions, to define the flux of analytes 
to the reactive surface.[22] [23] Lok, et al. have developed a Lévêque-type 















Here, c𝑠 refers to the surface concentration of the absorbed analyte, t is time, 
Γ(4/3) is the gamma function from the value of 4/3, 𝑐0 is the analyte 
concentration in the bulk liquid, 𝑥 is the axial location, 𝐷 is the diffusion 
coefficient of the analyte in the liquid and 𝛾 is the shear rate of the fluid 








The wall shear rate, through a wide rectangle pipe, is defined by 𝑄, the 
volumetric flow rate, and the height and width of the pipe, 𝑏 and 𝑊, 
respectively. Hence, the mass-transport-controlled change of adsorption with 


















Equation (33) indicates that, for the case of liquid phase diffusion control in a 
microfluidic flow chamber, the change of adsorption with time should be 
constant with time and should increase with the cube root of the volumetric flow 
rate of the bulk fluid past the plate, and should increase linearly with bulk analyte 
concentration until the equilibrium adsorption is achieved. 
For chemical reaction control (i.e., for rapid mass transport through the 
liquid), several cases may be considered. If the rate of reaction is independent 
of the concentration of a given species, then the reaction would be considered 
a zeroth order chemical reaction with respect to the species. The change of 





= 𝑘0 (34) 
 
Here 𝑘0 is the zeroth-order reaction rate constant for adsorption, and Γ𝑖
𝑡 is the 
adsorption at a given time, t. Separating adsorption terms and time on different 
sides of this equation, and integrating (for the case where Γ𝑖




𝑡 = 𝛤𝑖 − 𝑘0𝑡 (35) 
 
Here, Γ𝑖 is the equilibrium adsorption. This equation applies only for relatively short 
adsorption times, well below the time required to reach equilibrium adsorption. If 
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the adsorption is a zeroth-order reaction, the regression of  Γ𝑖−Γ𝑖
𝑡 vs. time would 
result in a linear regression with the slope giving −𝑘0 and the intercept giving the 
saturation adsorption. 
The reaction rate may be dependent on the concentration, and could 
have either first or second order dependence. For a surface chemical reaction 
that is of first order with respect to an adsorbing species, the change of 





= 𝑘1(𝛤𝑖 − 𝛤𝑖
𝑡) (36) 
 
Here 𝑘1is a first-order reaction rate constant for adsorption, and Γ𝑖 and Γ𝑖
𝑡 are the 
equilibrium adsorption and the adsorption at a given time, t, respectively. 
Separating adsorption terms and time on different sides of this equation, and 
integrating (for the case where Γ𝑖




𝑡] = 𝑙𝑛[𝛤𝑖] − 𝑘1𝑡 (37) 
 
By considering adsorption as a reversible reaction process, with forward 
and reverse reaction rates expressed as first order rate laws with respect to the 
species in solution and the adsorbed species, respectively, the following 































𝐸 are the fraction of dissolved species adsorbed onto the surface 
at time t and at equilibrium, respectively, and 𝐶𝐴
𝑜 and 𝐶𝐵
𝑜 are initial 
concentrations of the adsorbate on the sorbent and in the solution, respectively. 
If a first-order chemical reaction is rate limiting, then plots of ln[Γ𝑖 − Γ𝑖
𝑡] or 
ln[1 − 𝑋𝐴 𝑋𝐴
𝐸⁄ ] vs. time should yield straight lines, the slopes of which may be used 
to obtain values of the reaction rate constants, 𝑘1
  and 𝑘1
′ .  
  The following second-order chemical reaction rate law for 










Separating adsorption terms and time on different sides of this equation, 
and integrating (for the case where Γ𝑖









Hence, for a second-order reaction as the rate-limiting step, a plot of 1 Γ𝑖 − Γ𝑖
𝑡⁄  vs. 
time should yield a straight line, from which the second-order reaction 
constant, 𝑘2, may be obtained from the slope.   
Initial QCM experiments on the kinetics of adsorption of single alkoxide-
bearing solutions have been conducted to evaluate the influence of the flow 
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rate of the alkoxide-bearing solutions on the adsorption kinetics. If the flow rate 
has no detectable effect on the adsorption kinetics, and if the rate of adsorption 
is not constant with time (for a given bulk alkoxide solution concentration), then 
liquid-phase diffusion as the sole rate-limiting step (as per equations (30) and 
(33)) can be ruled out, and the fits of different rate laws involving chemical 
reaction control (of the types shown in equations (34),(36),(38), and (39)) to the 
QCM kinetic data can be examined. In addition to the time dependence, the 
influences of the starting alkoxide concentration in solution and the solution 
temperature on the adsorption kinetics have been evaluated. The purpose of 
the present discussion is to suggest initial rate laws to be considered for 
comparison with QCM kinetic data. Pending the results of such fitting with the 
relatively simple rate laws described above, the fits of other rate laws (e.g., for 
mixed diffusion and chemical reaction control[28]) may also be considered.  
In addition to the limiting kinetic rate of reaction, the amount of material 
deposited is also of interest. The quantity of alkoxide deposited per individual 
molecule reaction may depend on the number of isopropoxide ligands 
available to react with the surface. Tin and Titanium isopropoxides each have 
four ligands and Barium and Strontium isopropoxides each have two. For Tin and 
Titanium, the ligands are tetrahedrally coordinated and the two ligands of 
barium and strontium are linearly coordinated. For alkoxides with four ligands, the 
reaction to the surface may be a two-step process with one ligand reacting 
quickly and then the second reaction happening after additional time. When 
the alkoxide only has two ligands, only one may react and the other may not 
react. Assuming a flat surface with abundant surface hydroxyls, the ratio of 
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hydroxyls to precursor molecules reacted may be 2-1 and 1-1, for molecules with 
four and two ligands, respectively.  
The mass of precursor deposited can be verified by calculating the 
predicted deposited mass and evaluation with QCM. Assuming a constant 
functional group density across multiple QCM samples, the relative amount of 
material can be calculated by multiplying the surface density by the added 
mass per functional group and the area of the QCM crystal. By using the QCM, 
the shift in frequency can be related to the mass deposited, using Equation (18). 
 
5.4 Experimental Procedures 
5.4.1 Creation of Precursor Solutions 
Precursor solutions for QCM-D analysis were prepared in a nitrogen 
atmosphere glove box (Vacuum/Atmospheres Corporation, Las Angeles, CA, 
USA) with a relative humidity maintained below 1%. Relative humidity was 
measured with an Omega RH32 sensor (OMEGA Engineering, INC. Stamford, CT, 
USA) before each solution was prepared.  Solutions of Ti(IV) isopropoxide were 
made from Ti(IV) isopropoxide (Alfa Aesar, Ward Hill, MA, USA) diluted with 
anhydrous isopropanol (99.8+% purity, Acros Organics, Geel, Belgium). Thermal 
assaying of the as received Ti(IV) isopropoxide by Dr. Vernon indicated that the 
concentration reported by the vendor was 1.04% less than what was actually in 
solution.[29] Solutions for hydration were made with 60%v DIW (Milli-Q ultrapure, 
EMD Millipore, MA, USA) and 40%v isopropanol (99.8+% purity, Acros Organics, 
Geel, Belgium).  The rinse solution was pure anhydrous isopropanol (99.8+% purity, 
Acros Organics, Geel, Belgium).   
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Solutions were mixed with a desktop vortexer (Vortex Genie 2, Scientific 
Industries, NY, USA) and then heated to 40ºC and degassed for 5 min.  Solutions 
were prepared immediately before use, to limit solutions with high 
concentrations of precipitates.  
 
5.4.2 Quartz Crystal Microbalance with Dissipation Principle 
A quartz crystal microbalance with dissipation (QCM-D), E4 system from 
Biolin Scientific (Vӓstra Frӧlunda, Sweden), was used to study the layer-by-layer 
deposition of various alkoxides onto a treated SiO2 surface. For analysis of the LbL 
deposition, precursor solutions were pumped from solution bottles through an 
automated solution switching system and into a flow chamber containing the 
SiO2 coated QCM crystal. The flow rate was controlled by a down-stream 
peristaltic pump (Model: ISM935C, Ismatec, IDEX Corporation, IL, USA). The 
process of deposition of alkoxides was as follows: SiO2-coated QCM sensors were 
allowed to achieve a baseline resonance in anhydrous isopropanol (99.8+% 
purity, Acros Organics, Geel, Belgium). After a baseline was established, a given 
alkoxide solution of a given concentration in IPA was introduced to the sensor, 
followed by a second anhydrous IPA rinse. A solution with 40/60%v ratio of 
water/IPA was then passed by the sensor followed by rinsing with IPA. Each 
sensor was exposed to multiple deposition cycles.  
The shift in fundamental resonance frequency of the QCM crystal and its 
harmonics (3rd, 5th, 7th, 9th, and 11th) were monitored and recorded 
simultaneously. The fundamental frequency and harmonics corresponded to the 
5 MHz, 15 MHz, 25 MHz, 35 MHz, 45 MHz, and 55 MHz frequencies, respectively. 
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Dissipation values for the fundamental and the harmonics were monitored with 
the resonance frequency shifts. The area and depth of sensitivity were different 
for each harmonic frequency (see Figure 64).   
 
Figure 64: a) Normalized radial amplitude distribution and b) penetration depth for the fundamental 
frequency (5 MHz) and 3rd (15 MHz), 5th (25 MHz), and 7th (35 MHz) harmonics. Data courtesy of 
Biolin Scientific (Vӓstra Frӧlunda, Sweden). 
The area sensed by the fundamental frequency was so large, that it was 
affected by the O-rings securing the sensor in place, whereas the sensitivity for 
the 13th harmonic was so shallow that, after only a few nm of coating, the signal-
to-noise ratio made it statistically irrelevant.  The 5th and 7th harmonics (e.i. the 25 
MHz and 35 MHz frequencies) were utilized in this research as they are neither 
extremely shallow nor extremely broad. All evaluations of deposition utilized only 
the 5th and 7th harmonics. 
 
5.4.3 SiO2 QCM Sensor Cleaning Protocol 
Q-Sense offers many types of flow modules for various purposes (i.e., 
electrochemistry, ellipsometry, titanium, PTFE, etc.). The polytetrafluoroethylene 
(PTFE) module was selected for this work to prevent precursor deposition onto 
151 
 
the inside of the flow module. Previous work with the titanium flow module 
showed internal coating due to the surface hydroxyl groups present on the oxide 
surface which led to contamination and clogging.  
QCM crystals were cleaned before each use to ensure that the starting 
surfaces were comparable. The SiO2-coated (~ 50 nm) QCM sensors were 
purchased from Q-sense (Model QSX 303, Vӓstra Frӧlunda, Sweden). The 
cleaning procedure suggested for these sensors by Q-sense proved to be 
ineffectual and did not produce sensors that could be reused or that gave 
reproducible results. That initial cleaning procedure was as follows. Sensors were 
cleaned by a 10 minute UV/Ozone treatment (UV/Ozone ProCleanerTM, Bioforce 
Nanosciences, CA, USA), followed by a 30 minute soak in 2 wt% sodium dodecyl 
sulfate (Biotechnology grade, Amresco, OH, USA) solution in 18.2 MΩ·cm water 
(Milli-Q ultrapure, EMD Millipore, MA, USA)). Sensors were rinsed with DIW 
(approximately 100 mL each) and dried in compressed nitrogen (Ultra High 
Purity, AirGas, PA, USA) for 5 minutes. Sensors were then treated with another 10 
minute UV/Ozone treatment. [30] 
This cleaning procedure did not produce reproducible results and resulted 
in optically evident markings on the sensor. To achieve reproducibility, a more 
aggressive cleaning procedure was adopted. The effective cleaning procedure 
was developed by combining Q-sense’s cleaning procedure with the procedure 
that was used to clean silica inverse opals in Chapter 6 on page 179. The 
cleaning of the inverse opals had proved to be an effective pretreatment for 
SSG. Each QCM sensor was cleaned by a 10 minute UV/Ozone treatment 
(UV/Ozone ProCleanerTM, Bioforce Nanosciences, CA, USA). Each QCM crystal 
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was then placed in DIW (15 mL) and concentrated NH4OH (30%, 3 mL, Fisher 
Scientific), followed by addition of H2O2 (30%, 3 mL, Alfa Aesar). The resulting 
mixture was incubated with stirring in a 75 ºC water bath for 10 minutes. The 
crystals were then rinsed in flowing DIW for 1 minute and dried with nitrogen gas 
at room temperature for 2 minutes. Finally, the crystals were treated with 
UV/Ozone a second time for 10 minutes and then immediately used in the QCM. 
Figure 65, shows two SiO2 coated QCM crystals and the effect of the two 
cleaning methods.  
 
Figure 65: Two SiO2 coated QCM crystals after coating and subsequent cleaning using left: the Q-
sense cleaning protocol and right: using the cleaning method involving 1:1:17 NH4OH:H2O2:H2O for 
10 minutes at 75 °C. The QCM crystal on the right shows a clean surface whereas the crystal on the 




Previous research suggested that this cleaning procedure resulted in 
samples that were irreparably damaged and were unusable.[31] The research 
presented here suggests that SiO2-coated QCM crystals can be cleaned in this 
manner numerous times (some sensors were cleaned 5 times) without damage 
to the sensor and yielded reproducible QCM data.  
While the PTFE flow modules did not react with the alkoxide precursors, 
thorough cleaning was still performed to avoid clogging and contamination 
from other experiments. The cleaning was performed at the end of a run by 
flowing IPA through the entire system for 30 minutes at 800 µL/min to purge the 
system. Then, with the use of an adaptor, N2 was directly injected into the system 
and allowed to purge and dry the interior for 10 minutes. After drying, the sensors 
were removed from the module(s) and prepared for cleaning, while sensor(s) 
that were only used as “cleaning sensors” were used to keep the electronics dry. 
Next, water was passed into the system, followed immediately by 5 vol% 
Hellmanex (Hellma Analytics, Müllheim, Germany) in DIW for 30 min. Hellmanex is 
an alkaline cleaning solution typically used to clean glass and quartz and is 
effective at removing SSG deposits from the PTFE flow module. The system was 
then rinsed with DIW for 1 hr, followed by anhydrous IPA for 30 min, with a final N2 
gas purge for 10 min.  In cases where the flow channels in the PTFE module were 
entirely clogged, the flow module was disassembled and the non-electrical parts 
placed in a 5 vol% Hellmanex solution and sonicated for 30 min (Branson 2510, 





5.4.4 QCM-D Analyses 
Sensors were first validated for use in air and then in anhydrous IPA (99.8+% 
purity, Acros Organics, Geel, Belgium) by confirming a stable baseline before 
commencing with deposition. In this case, a stable baseline was defined by a 
change in frequency of less than 1/2 Hz over 15 minutes. If a sensor did not reach 
such a stable baseline after 1 hr, then the sensor would be reseated in the flow 
module. A mounting error commonly caused time dependent changes in the 
frequency and was thus corrected before gathering data.  Other possible 
causes of a failure to establish a stable baseline included: temperature 
fluctuations, a dirty sensor that was either experiencing hydration or wash off, or 
damage to the sensor (scratches, marks, etc.).[32] 
Sensors were first baselined in air and then in IPA to avoid having to dry 
the module(s) if a sensor needed to be reseated or replaced. Deviations from a 
stable baseline also occurred if air bubbles were introduced to the surface or 
nucleated in the flow chamber. Because the solubility of air in IPA decreases with 
increasing temperature, the chambers were always kept at 18 °C (slightly below 
lab temperature of 20 °C) using an internal cooling system. [32, 33] The need for 
keeping the temperature of the solution constant during the duration of an 




Figure 66: QCM-D data demonstrating the effect of temperature changes on the frequency and 
dissipation in both a) air and b) water. These plots indicate the need to keep the flow module 
temperature constant during deposition. Data courtesy of Biolin Scientific (Vӓstra Frӧlunda, 
Sweden). 
Q-sense advises users to perform all experiments slightly below the temperature 
of the incoming fluid to avoid any nucleation of air bubbles due to reduced 
solubility. To reduce the chance of bubble formation, all solutions were degassed 
for 15 min in a sonicator (Branson 2510, Bransonic, CT, USA) at 35 °C. Deposition 
was monitored through analysis of the changes in frequency and dissipation with 
time and the overall changes in these parameters after each rinse cycle.  
 The large changes in fluid properties (i.e., viscosity and density) between 
the IPA-based precursors and the 40%vH2O/60%vIPA hydration solution resulted in 
splitting of the overtones. Without preforming extensive control experiments, it 
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was impossible to determine the time dependent reaction that occurred during 
hydration, and so the hydration kinetics were not investigated in this research.  
 
5.5 Results and Discussion 
5.5.1 Determination of Adsorption Isotherms 
Adsorption of material onto a surface is commonly represented by 
isothermal adsorption studies.[7-9, 13, 17, 34-37] Adsorption isotherms were 
studied in this research to better understand the SSG coating process. Adsorption 
isotherms were evaluated for two SSG precursors relevant to this research: Ti(IV) 
isopropoxide, and Ba(II) isopropoxide.  
The first alkoxide evaluated was Ti(IV) isopropoxide because it was the 
most commonly used precursor in this research and offered the most benefit if 
properly understood. Various concentrations of Ti(IV) isopropoxide were 
evaluated and each deposition cycle was allowed to run to completion and the 
difference in adsorption was measured. The real-time adsorption rate was 
captured. However, for the adsorption isotherm, an important value was the 
apparent equilibrium adsorption.  
A single layer resulting from exposure to a 12.5 mM solution of Ti(IV) 
isopropoxide shifted the resonance frequency on the QCM crystal 




Figure 67: 50 point running average of the frequency change of the QCM during the deposition of 
one layer from a 12.5 mM solution of Ti(IV) isopropoxide onto an amorphous silica-coated QCM 
sensor at 18 °C. 
This research was focused on the apparent equilibrium adsorption and 
not on evaluating the portion of the deposit that was chemi- vs physisorbed onto 
the surface. Figure 68 shows the apparent equilibrium adsorption of Ti(IV) 
isopropoxide onto amorphous silica at 18 °C for a range of concentrations. An 
apparent saturation of the surface occurred when the alkoxide concentration in 




Figure 68: Apparent equilibrium adsorption at 18 °C of Ti(IV) isopropoxide onto amorphous silica at 
five bulk solution concentrations(6.25 mM, 12.5 mM, 25 mM, 50 mM, 100mM) as measured via 
QCM-D. Each data point consisted of the average value of a minimum of six adsorption cycles and 
error bars represented a range of plus or minus one standard deviation.  
The data was analyzed and plotted according to the parameters of the 
various isotherm models. The summary of the isotherm models and their linear 
forms are represented in Table 4. 
Table 4: Isotherm models, their linear forms and the parameters to plot for a linear regression. 
























Freundlich 𝛤𝑖 = 𝐾𝑓(𝐶𝑖)
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Each of the models was plotted with the data using linear regression analysis 
(Figure 69 though Figure 71). The model that most accurately fit the data was 




Figure 69: Fit of the apparent equilibrium adsorption of Ti(IV) isopropoxide onto amorphous silica at 
18 °C to the Langmuir isotherm model.  
 
Figure 70: Fit of the apparent equilibrium adsorption of Ti(IV) isopropoxide onto amorphous silica at 




Figure 71: Fit of the apparent equilibrium adsorption of Ti(IV) isopropoxide onto amorphous silica at 
18 °C to the Fowler & Guggenheim isotherm model. 
The equations from the regressions for each model and the associated R-
squared values are tabulated below. 
Table 5: Isotherm models, their linear forms, their linear regression, and the quality of fit represented 
by the R2 value. The constants produced by the various models are also tabulated. 

























Regression y = 32.806x + 0.0083 y = 0.7126x – 1.1534 Y = -2.4734X+4.0984 




) 121.1 - 1.456 
𝐾(mM-1) 0.2797 - - 
𝐾𝐹𝐺 (mM-1) - - 0.03569 
𝐾𝑓 (mg/m2) - 0.398 - 
𝑛 - 1.403 - 
𝜔(J) - - 3.046 E-21 
 
This data indicates that Ti(IV) isopropoxide adsorbing onto a surface follows most 
closely to the Fowler-Guggenheim model. The values determined for the 
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interaction constant, ω, and the equilibrium constant, K, are both within an order 
of magnitude of values presented in literature.[13] The best fit for each model 
was determined by linear regression and the equation for that model was then 
compared to the apparent equilibrium isothermal data, in Figure 72, to visually 
demonstrate the fit of the Fowler-Guggenheim model. 
 
Figure 72: Comparison of Ti(IV) isopropoxide adsorption onto amorphous silica at 18 °C with various 
isotherm models. The Fowler-Guggenheim model was the best fitting model. The error bars on the 
data represented a range of plus or minus one standard deviation. 
 
 The apparent equilibrium adsorption of barium (II) isopropoxide was also 
analyzed using the automated QCM system (Figure 73). The reactivity of the 
Ba(II) isopropoxide precursor to the amorphous silica substrate at 18 °C has been 
found to be much greater that its titanium counterpart. For this reason, a 





Figure 73: Apparent equilibrium adsorption at 18 °C of Ba(II) isopropoxide onto amorphous silica at 
four bulk solution concentrations (3.125 mM, 6.25 mM, 12.5 mM, 25 mM) as measured via QCM-D. 
Each data point consisted of the average of a minimum of six adsorption cycles and error bars 
represented the range of one standard deviation. 
The data was analyzed and plotted according to the parameters of the various 
isotherm models (Figure 74 through Figure 76). The summary of the isotherm 
models and their linear forms are provided in Table 6. Each of the models were 
plotted with the data and the linear regression of the data was produced. The 
model that most accurately fit the data was deemed to be the model with the 




Figure 74: Fit of the apparent equilibrium adsorption of Ba(II) isopropoxide onto amorphous silica at 
18 °C to the Langmuir isotherm model. 
 
Figure 75: Fit of the apparent equilibrium adsorption of Ba(II) isopropoxide onto amorphous silica at 




Figure 76: Fit of the apparent equilibrium adsorption of Ba(II) isopropoxide onto amorphous silica at 
18 °C to the Fowler & Guggenheim isotherm model. 
 
The equations from the regressions for each model and their respective R-
squared values are tabulated below. 
Table 6: Isotherm models, their linear forms, their linear regression, and the quality of fit represented 
by the R2 value for adsorption of Ba(II) isopropoxide onto amorphous silica at 18 °C. The constants 
produced by the various models are also tabulated. 

























Regression y = 0.342 x + 0.0763 y = 0.3804x - 0.5528 Y = 1.2195x + 1.6566 




) 13.098 - 17.67 
𝐾(mM-1) 0.02684 - - 
𝐾𝐹𝐺 (mM-1) - - 0.1908 
𝐾𝑓 (mg/m2) - 3.571 - 
𝑛 - 2.629 - 
𝜔(J) - - -2.450E-21 
 
This data shows that Ba(II) isopropoxide adsorbing onto an amorphous silica 
surface exhibited the best fit to the Freundlich model. The value determined for 
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the interaction constant, n, is similar to values presented in literature and 
suggests a moderately aggressive adsorption process.[13, 38] The best fit for 
each model was determined by linear regression and the equation of that 
model was then compared to the apparent equilibrium isothermal data to 
visually demonstrate the fit of the Freundlich model (Figure 77). 
 
Figure 77: Comparison of Ba(II) isopropoxide adsorption onto amorphous silica at 18 °C with various 
isotherm models. The Freundlich model was the best fitting model. The error bars on the data 
represented a range of one standard deviation. 
 
Interestingly, the Ba-O precursor isothermal adsorption followed the Freundlich 
model, whereas the Ti-O precursor isothermal adsorption followed the Fowler-
Guggenhiem model. This suggested that while the Ba-O precursor was affected 
by the varied activities of the binding sites, the Ti-O precursor was more 
dominantly affected by adsorbate-adsorbate interactions. These behaviors may 
have been influenced by the number of ligands on the precursors. Because the 
Ti-O alkoxide precursor has four ligands as opposed to the two of the Ba-O 
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alkoxide precursor, the bound Ti-O precursor molecules could have undergone 
more interactions with neighboring bound Ti-O molecules. 
 
5.5.2 Evaluation of the Kinetic Mechanism (Rate Limiting Step) of Deposition 
The rate limiting step for the deposition of Ti(IV) isopropoxide onto a silica 
substrate at 18 °C was evaluated using a QCM-D. For a given alkoxide 
concentration, the flow rate was varied and the real-time deposition rate was 
observed. The flow rate was varied from 12.5 to 400 µL/min and the adsorption 
rate was measured by the slope of the resonant frequency change vs time. 
Because of the time required for the initial mixing of the concentrated precursor 
solution with pure IPA, the initial adsorption rate is always not used for kinetic 
analyses. Instead, the adsorption rate was obtained by evaluating the change in 
adsorption with time over the central fifty percent of the adsorption time period 
as shown in Figure 78. Linear regression techniques were used to analyze the 




Figure 78: Real-time data of the adsorption kinetics of Ti(IV) isopropoxide from a 12.5 mM  solution 
onto a SiO2 coated QCM sensor for flow rates from 50 µL/min to 400 µl/min. The slopes of the curves 
demonstrate that the adsorption rate was affected by the flow rate up to a flow rate 200 µl/min, but 
the apparent equilibrium adsorption was not affected. 
 The flow rate was increased until the adsorption rate was no longer 
statistically dependent on the flow rate. At this point, the kinetic rate limiting step 
switched from being liquid phase diffusion controlled to being surface reaction 





Figure 79: Adsorption rate of 12.5 mM Ti(IV) isopropoxide solution onto a SiO2 coated QCM sensor 
for flow rate from 12.5 µL/min to 400 µl/min. Error bars represented the range of plus or minus one 
standard deviation. 
In Figure 79, the adsorption rates for flow rates above 200 µL/min were not 
significantly different within the measured error range; that is, the adsorption rate 
was independent of flow rate for flow rates from 200 µL/min to 400 µL/min. For 
the region of flow rates below 200 µL/min, the adsorption rate dependence on 
flow rate was analyzed. The liquid phase diffusion control regime was analyzed 
via two types of flow analyses: the first as through a boundary layer caused by 
laminar flow over a flat plate (Figure 80), and the second as diffusion through a 




Figure 80: Linear regression analysis of the adsorption rate vs. the square root of the flow rate, for 
diffusion through a boundary layer defined by laminar flow over a flat plate.  
 
Figure 81: Linear regression analysis of the adsorption rate vs. the square root of the flow rate, for 
diffusion through a boundary layer defined by a Lévêque-type equation. 
Both of the linear regressions show a good fit, with R-squared values of 
0.9911 and 0.9961 for square root and cube root dependences, respectively. The 
result of the fit for the model of the flow over a flat plate, although good, was 
unrealistic due to the predicted boundary layer thickness. Figure 82 shows the 
calculated boundary layer thicknesses for the both laminar flow over a flat plate 
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and for a Lévêque-type calculation. The calculations of the boundary layer 
thicknesses can be found in APPENDIX A on page 219. 
 
Figure 82: Graph showing the variation in the calculated boundary layer thickness for both flow 
over a flat plate and for a Lévêque flow scenarios with x=5.5 mm. The Flat Plate calculation is 
greater than the total height of the flow chamber and is thus not realistic. 
Because the calculated boundary layer thickness for laminar flow over a 
flat plat was greater that the height of the QCM chamber, that model was not 
appropriate. The Lévêque calculated height was well below the thickness of the 
height of the QCM chamber and thus was applicable. 
 Under the condition that the flow rate was at or above 200 µL/min, the 
adsorption of Ti(IV) isopropoxide onto the silica surface was not liquid phase 
diffusion controlled. Thus, the order of the chemical reaction was analyzed in this 
high flow rate regime. Only a precursory analysis of the chemical reaction is 
presented here. Three models were compared to the adsorption kinetic data to 
evaluate the dependence of the adsorption rate on the adsorption 
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concentration. This analysis was performed on multiple adsorption cycles of 12.5 
mM Ti(IV) isopropoxide onto amorphous silica at a flow rate of 200 µL/min in a 
PTFE QCM-D flow module. Figure 83 shows a characteristic adsorption curve 
used in the following analysis. 
 
Figure 83: Graph of the raw QCM data from a characteristic adsorption cycle of 12.5 mM Ti(IV) 
isopropoxide onto amorphous silica at a flow rate of 200 µL/min in a PTFE QCM-D flow module. 
Due to the noise inherent in the QCM data, a 5 point running average 
was used in the analysis of the above data. The analysis below is of the first 
minute of adsorption after excluding the first 10 seconds which are potentially 
affected by the initial mixing with the pure IPA. The comparison of the adsorption 
data to the zeroth-, first-, and second-order chemical reaction models can be 




Figure 84: Graph of adsorption data of 12.5 mM Ti(IV) isopropoxide onto silica at 200 µL/min at 18 
°C fitted to the zeroth-order chemical reaction law. 
 
Figure 85: Graph of adsorption data of 12.5 mM Ti(IV) isopropoxide onto silica at 200 µL/min at 18 





Figure 86: Graph of adsorption data of 12.5 mM Ti(IV) isopropoxide onto silica at 200 µL/min at 18 
°C fitted to the second-order chemical reaction law. 
Given that all of the fitted rate laws have high r-squared values, it is not 
particularly clear which model represents the adsorption of Ti(IV) isopropoxide 
onto the silica surface the most accurately. The data from the regressions and 
the calculated values for the three rate laws can be found in Table 7.  
Table 7: Regression statistics and interpreted values (including equilibrium adsorption and rate of 
reaction) from the in-situ adsorption data of Ti(IV) isopropoxide onto silica.  
 0th Order 1st Order 2nd Order 
Slope -0.031 -0.019 0.013 
Y-Intercept 2.842 1.188 0.184 
R2 0.940 0.970 0.974 
Γequ (µmol/m2) 2.564 2.961 4.912 
k0 (µmol/s) 2.76E-02 - - 
k1 (1/s) - 1.73E-02 - 
k2 (1/µmol*s) - - 1.16E-02 
 
Another factor that was used to analyze the accuracy of the models was the 
predicted equilibrium adsorption. The actual equilibrium adsorption from the 
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deposition was 2.706 µmol/m2. The 1st order and 2nd order reaction rate laws 
have larger r-squared values than the 0th order. Between the 1st and 2nd rate 
laws, the 1st rate law predicted a much more accurate equilibrium adsorption 
(Γequ = 2.961 µmol/m2) than that of the 2nd order reaction rate law (Γequ = 4.12 
µmol/m2). 
 
5.6 Concluding Remarks 
In this chapter, the deposition behaviors of titanium and barium 
isopropoxide precursors onto amorphous silica substrates were investigated at 18 
°C. The apparent equilibrium adsorption was measured for varied concentrations 
of these precursors and the apparent equilibrium adsorption data was 
compared to known isotherm models. The Ba-O precursor isothermal adsorption 
followed the Freundlich model, whereas the Ti-O precursor isothermal adsorption 
followed the Fowler-Guggenheim model. This suggested that while the Ba-O 
precursor was affected by the varied activities of the binding sites, the Ti-O 
precursor was more dominantly affected by adsorbate-adsorbate interactions. 
This behavior may have been a result of the differing number of ligands on the 
precursors. Because the Ti-O alkoxide precursor has four ligands, as opposed to 
the two of the Ba-O alkoxide precursor, the bound Ti-O molecule may have had 
more interactions with its neighboring bound molecules. The scientific knowledge 
gained in this study is directly relevant to the SSG coating method used in the 
previous chapters. Additionally, for Ti(IV) isopropoxide, the kinetic mechanism 
(rate limiting step) of reaction was evaluated. It was found that, for the 
commonly utilized 12.5 mM Ti(IV) isopropoxide precursor solution, the reaction 
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was liquid phase diffusion controlled until the flow rate reached approximately 
200 µL/min. At higher flow rates, the adsorption of Ti(IV) isopropoxide onto a silica 
substrate at 18 °C was found to be most consistent with a first order chemical 
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CHAPTER 6: Monolayer-by-Monolayer Deposition of High Index of 
Refraction Material for Tuning of Reflection Spectra of Inverse Opals 
6.1 Summary 
Low index silica Inverse opal samples were coated in an automated 
computer controlled coating machine using the surface sol-gel (SSG) method. 
This system allowed for quick repeatable LbL coating to be applied without the 
constant involvement and observation of a human operator. Inverse opal 
samples were coated with tin-doped titania in 50 cycle increments. Coated 
samples were analyzed via microscopic and spectral characterization in nine 
prescribed areas, XRD analysis of the phases present, and SEM and EDS of the 
coating to evaluate coating composition and conformality. This process was 
repeated after each increment of 50 cycles of tin-doped titania had been 
deposited, up to 300 total cycles of SSG and thereafter following firing at 500 ˚C. 
The coating process resulted in a monotonic red shift from the initial colors 
of the uncoated inverse opal to an inverse opal coated with 300 layers of tin-
doped titania. Upon firing to 500 ˚C, there was a dramatic blue shift due to the 
decrease in the fill-fraction of the inverse opal, but the extent of this blue shift 
was partially mitigated due to the increase in the index of refraction upon 
crystallization of the coating.  
 
6.2 Introduction 
The conception of manipulating light through the use of highly ordered, 
periodic materials with optical bandgaps was first proposed in the late 1980s. [1]. 
Inspired by electronic bandgaps in semiconductors, formed by the periodic 
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variation in electrical potential created by the crystal lattice, it was suggested 
that structures containing a periodicity on the order of the optical wavelength 
and periodic variation in the dielectric constant could be used to form materials 
with photonic bandgaps. Recently, the Aizenberg group at Harvard University 
developed a lithography-free process based on the sol-gel deposition of SiO2 
around a matrix of self-assembled polystyrene spheres.[2] This process allows for 
the relatively inexpensive fabrication of wide-area, low-defect density, 3D 
photonic structures of SiO2.[2] Previous research into the chemical modification 
of inverse opals has focused on gas/solid chemical reaction-based 
transformation of the opal structure into high-index materials.[2, 3] This chapter 
focuses on methods involving surface chemical modification (coating) to modify 
the inverse opal reflection spectra. 
 
6.3 Experimental Procedures 
6.4 Inverse Opals 
Highly-ordered, periodic structures known as photonic crystals have 
attracted significant attention due to their extraordinary ability to manipulate 
light.[2] Sol-gel deposition of SiO2 around a matrix of self-assembled polystyrene 
spheres allows for the relatively inexpensive fabrication of wide-area, low-defect 
density, 3D photonic structures of SiO2.[2] Due to the low index of refraction of 
silica and the size of polystyrene spheres used to fabricate these inverse opals, 
such SiO2-based inverse opals exhibit appreciable light reflection only in the 




6.4.1 Cleaning of Inverse Opals and Pretreatments 
The silica inverse opal segments were fired before coating to pre-shrink 
the inverse opal structure. The segments were fired to 500˚C for 4 hr. The silica 
inverse opal segments were then cleaned using an RCA cleaning protocol. Each 
inverse opal segment was immersed in concentrated HCl (12.1 N, 100 mL, Fisher 
Scientific) and methanol (100 mL, 99.9%, Fisher Scientific) for 1 h with stirring. The 
inverse opals were then rinsed with deionized water for 5 minutes. Each opal 
segment was then placed in a solution of DIW (140 ml) and NH4OH (30%, 30 mL, 
Fisher Scientific), followed by addition of H2O2 (30%, 30 mL, Alfa Aesar). The 
resulting mixture was incubated with stirring in a 75 ºC water bath for 1 h. After 
rinsing 3 times with DIW (600 mL) the inverse opal segments were left in DIW until 
needed. This procedure was conducted by Dr. Yunnan Fang.[4] Segments were 
rinsed with IPA 3 times immediately before coating, and dried with warm air for 
five minutes. 
 
6.4.2 SSG Coating of Inverse Opals 
Ti-Sn-O bearing coatings were deposited using the SSG method using a D1 
robotic coating system explained in CHAPTER 2 on page 27. Coatings were 
deposited onto cleaned, dry inverse opal segments inside of a glass reaction 
chamber. Each SSG deposition cycle was conducted by: i) immersing the inverse 
opal segment in a 50 mM mixed alkoxide precursor of 80 %at Titanium 
isopropoxide and 20 %at Sn(IV) isopropoxide (Alfa Aesar, Ward Hill, MA, USA) in 
anhydrous isopropanol (99.8+% purity, Acros Organics, Geel, Belgium) for 5 min 
at allow for chemisorption of a Sn-Ti-O bearing layer, ii) rinsing three times with 
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isopropanol (99.5% purity, BDH, PA, USA) to remove any physisorbed precursor, iii) 
immersion in 60%v DI water in isopropanol for 5 min, to allow for hydrolysis of the 
alkoxide layer, iv) rinsing 3 times with isopropanol and v) and then drying with 
warm air from a heat gun for 5 minutes.  
This process (alkoxide incubation, isopropanol rinse, DI incubation, 
isopropanol rinse, drying) was repeated for 100, 150, 200, 250, and 300 cycles to 
apply a Sn-Ti-O bearing coating at varied thickness. The process is represented in 
Figure 87.  
 
Figure 87: A schematic representation of the SSG process for deposition of a mixed precursor 
solution of titanium(IV) isopropoxide and tin (IV) isopropoxide. 
 
6.4.3 Crystallization of the SSG Coating 
Inverse opal segments were heated in an MgO crucible in a tube furnace 
(Lindberg Blue M, Thermo Fisher Scientific Inc., MA, USA) at 120 °C/hr to 500 °C 
and held at this temperature for 4 hr in air to allow for crystallization of the titania 
doped with tin oxide. The furnace was then cooled at 120 °C/hr to below 100 °C 




6.4.4 FIB Milling For Area Identification 
The inverse opal segments that were used in this research were 
approximately 5 mm X 5 mm in area. To gather reliable, repeatable data on the 
change in reflected color, optical images and spectral data needed to be 
gathered from the same area after each new coating was applied. An SEM with 
a focused ion beam (FIB) (Nova Nanolab 200 FIB/SEM, FEI, Hillsboro, OR, USA) was 
used to make reference cuts in the inverse opal so that the area to be optically 
interrogated could be easily found with a 50X optical objective.  Typical FIB-milled 
markings can be seen in Figure 88. 
 
Figure 88: Secondary Electron (SE) micrograph of a FIB-milled “marked” area of an inverse opal. FIB 
milled marks are designed to repeatedly locate the same area for reflection spectra to be 
gathered. The “T” shaped mark was used to designate the bottom left corner.  
 
The analytical spot size of the spectrometer was 6 μm X 6 μm. To gather a 
statistically significant data set an array of 3 X 3 areas were analyzed. The area 
from which the spectrometer gathered data could be identified using a CCD 
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camera that allowed the user to select exactly where to conduct spectral 
analysis. From the view of the camera, the area from which the spectra was 
gathered was represented by a black box (Figure 89). To be able to gather 
spectra from the exact same areas, images were gathered with the spectral 
black box in each location using the CCD camera, and those images were 
overlaid with an SEM micrograph, as shown in Figure 89. 
 
Figure 89: Nine optical images of an inverse opal segment each referencing the location in which 
a spectrum was gathered (represented by black box). For every change in the inverse opal, i.e. for 
each 50 cycle increment of SSG, all nine spectra were gathered from the exact same areas. For 
each inverse opal sample, these images were captured to be used as a reference for spectral 
gathering for that particular sample.   
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6.4.5 Optical Analyses 
Optical measurements of inverse opals were acquired using an Olympus 
BX60 (Olympus America, Inc., PA, USA) upright microscope. Images were 
gathered with a Nikon D300 (Nikon USA, NY, USA) attached to the camera port. 
Spectral measurements were acquired with a SEE 1000 microscope 
spectrometer (SEE Science, MA, USA) attached to the microscope camera port 
with software from Craic Technologies (Version 4.3.1, Craic Technologies, CA, 
USA). Images and spectra were acquired with an Olympus MPlan FL N 50X 
objective (0.80 numerical aperture) using a 6 μm x 6 μm spot size. For bright field 
(BF) white light (WL) illumination, a halogen lamp (Olympus America, Inc., PA, 
USA) was used. A diffuse reflectance standard (WS-1-SL, Ocean Optics, FL, USA) 
was used as the WL standard.  
 
6.4.6 Scratch Test with AFM for Thickness Measurement 
The thicknesses of coatings on planar substrates were measured using a 
scratch test with subsequent surface height analysis using an AFM. To ensure that 
the scratch was made in a repeatable fashion, and that the silicon wafer 
substrate was not being indented, a wafer scratcher was created. The scratcher 
was made out of PVC sheet (Chemical-Resistant Type I PVC Sheet, McMaster-
Carr, PA, USA), Aluminum T-slot lengths (Aluminum T-Slotted Framing Extrusion, 
McMaster-Carr, PA, USA), a T-slot hinge (Hinge For 1” T-slotted Framing Extrusion, 
McMaster-Carr, PA, USA) and a scalpel blade mounted vertically (#15 blade, 




Figure 90: Optical Images of the sample scratcher. A) Full view of scratcher and base, B) close up 
view of the razor blade tip on a glass slide for demonstration purposes. 
The force on the scalpel blade was measured using an analytical 
balance (AE240, Mettler-Toledo Inc., OH, USA). This setup produced a force of 
0.751 N on the tip of the scalpel blade. This force was found to be sufficient to 
scratch the as-coated SSG coating, but light enough so as not scratch the silica 
layer on the silicon wafer. This was verified by scratching a clean silicon wafer, 
and a silicon wafer coated with 100 cycles of as-coated 20%at Sn(IV) 
isopropoxide and 80%at Ti(IV) isopropoxide. The scratched area on each wafer 
was analyzed using the AFM and the height profile of the scratch edge was 





Figure 91: Micrographs of AFM scans of scratched areas on: A) a clean silicon wafer and B) a 
silicon wafer coated with 100 cycles of 20%at Sn(IV) isopropoxide and 80%at Ti(IV) isopropoxide. 
Courtesy of Ben deGlee. 
The thickness of the coating was measured by preforming a line scan over the 
edge of the scratch. On the clean silicon wafer, no indentation was detected. 
On the coated sample, however, the increase in the height across the scratched 




Figure 92: Plot of the differential height as measured by a line scan via the AFM of both a clean 
silicon wafer (Red) and a silicon wafer coated with 100 cycles of as-coated 20%at Sn(IV) 
isopropoxide and 80%at Ti(IV) isopropoxide. Courtesy of Ben deGlee. 
The line scan data shows that within the scratched region of the coated silicon 
wafer (i.e. the exposed polished silicon surface) the height was uniform whereas 
the unscratched region (i.e. where the film remained) was rough. The measured 
RMS roughness of the scratched area (i.e. the exposed polished silicon surface) 
of the coated silicon wafer and of the clean silicon wafer were both below 1 nm, 
suggesting that the scratcher fully removed the SSG coating in the scratched 
region. 
 
6.4.7 Phase and Morphology Analyses 
The morphology of the inverse opal samples was characterized using an 
SEM (SU8010, Hitachi, Krefeld, Germany) and TEM (FEI Tecnai F30 microscope, FEI, 
OR, USA). All TEM analyses were performed by Dr. Ye Cai, Sandhage Group, 
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Georgia Institute of Technology. Top-down SEM analyses were conducted on 
individual inverse opal segments. Before the sample was coated and after every 
coating step, the inverse opal morphology was analyzed using top-down SEM 
micrographs. High resolution images were taken of the exact same area after 
each 50 layer increment to monitor the growth of the Sn-Ti-O bearing coating.  
For samples sputtered with carbon, a Quorum Q150T ES (Energy Beam 
Sciences, INC., CT, USA) sputter coater was utilized.  Cross-sections of samples 
and surface markings were created via focused ion beam (FIB) milling (Nova 
Nanolab 200 FIB/SEM, FEI, OR, USA).   
XRD analyses were conducted on segments of inverse opal mounted with 
clay on a sample holder using an X’Pert Pro Alpha-1 diffractometer (PANalytical, 
Almelo, Netherlands) with monochromatic Cu Kα1 (1.540598 Å) radiation from a 
1.8 kW (45 kV, 40 mA) X-ray tube filtered via a symmetrical Johannson 
monochromator and detected by an X’Celerator detector. The source was 
limited by a 1° fixed anti-scatter slit, a ½° programmable divergence slit, and a 
15 mm mask.  The diffracted X-rays were subject to a 0.04 radian soller slit and a 
5.5 mm anti-scatter slit before the X’Celerator detector. Diffraction specimens 
were placed on B doped p-type Si zero background plate (MTI Corp, CA, USA). 
The sample support was rotated at 8 sec per revolution. 
 
6.5 Results & Discussion 
Many types of analyses were performed on the silica inverse opals before 
coating, after each coating session, and after firing of the sample. EDS, SEM and 
XRD were collected each step of the coating and firing process and TEM was 
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gathered only after firing. In-situ QCM experiments were performed to analyze 
the deposition process and for dynamic analysis of the thickness of the Sn-Ti-O 
coating.  
 
6.5.1 Determination of Coating Composition 
The SSG coating on the inverse opals was interrogated with EDS to verify 
that the coating contained both titanium and tin.  EDS measurements were 
conducted using an energy dispersive X-ray spectrometer (EDS) (INCA 7426, 
Oxford Instruments, UK) which was used in combination with a field-emission 
scanning electron microscope (1530 FESEM, Carl Zeiss, NY USA).  EDS analysis was 
also performed on a FIB cross section of the inverse opal sample in the area of 
the coating.  
 
Figure 93: STEM/EDS analysis of silica inverse opal coated with Sn0.2Ti0.8O2 fired at 500 ºC for 4 hr. 
Courtesy of Dr. Cai. 
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EDS analyses show that the as-coated and fired inverse opal samples possessed 
elemental tin and titanium in the coating. The sodium present in the EDS analysis 
was native to the glass slide substrate. The carbon was due to carbon sputtering. 
 
Figure 94: EDS of blank glass slide template showing the presents of sodium, magnesium, and 
calcium before the creation of the inverse opal structure. Courtesy of Dr. Feng. 
Figure 94 shows the presence of sodium, magnesium and calcium in the glass 
slide substrate on which the inverse opal structure was fabricated (48382-179, 
Micro Slides, VWR, PA, US).  
 
6.5.2 Determination of Coating Phase 
After each step in the coating process each inverse opal sample was 
interrogated using XRD to determine the phase purity of the coating. After 300 
SSG cycles of 20%at Sn(IV) isopropoxide and 80%at Ti(IV) isopropoxide the 
sample was fired at 500 ºC for 4 hr to crystalize the coating into rutile titania. 
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Figure 95 shows the XRD data of an as-received inverse opal segment and that 
same segment after coating and firing which shows the presence of rutile titania. 
 
Figure 95: XRD of Bottom: uncoated silica inverse opal and Top: silica inverse opal with 300 SSG 
cycles of 20%at Sn(IV) isopropoxide and 80%at Ti(IV) isopropoxide and fired at 500 ºC for 4 hr. 
Courtesy of Dr. Feng. 
6.5.3 Determination of Thickness of SSG Coating 
The peak reflection of the inverse opal should red shift as the fill fraction 
increases and as the index of refraction of the material increases. Each 
additional SSG layer increases the fill fraction of the inverse opal by an amount 
dependent on the current fill fraction and the thickness of the individual layer. 
The individual layer thickness is important in predicting the change in fill fraction 
for each layer. All layers were deposited onto the inverse opal segments using an 
automated coating system as described in CHAPTER 2. The deposition conditions 
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for each layer were held constant for all of the coatings. The precursor solution 
was a mixture of 20%at Sn(IV) isopropoxide and 80%at Ti(IV) isopropoxide in 
anhydrous isopropanol at a total isopropoxide concentration of 25 mM. The 
thickness of each coating layer was obtained by four independent methods, 
which were compared to each other and to a theoretical calculation. The four 
methods of determining the per-cycle thickness were: i) analysis of SEM 
micrographs taken throughout the coating process, ii) TEM of the final inverse 
opal segment, iii) AFM of an analog coated silicon wafer, and iiii) analysis of 
QCM data of the co-deposition of 20%at Sn(IV) isopropoxide and 80%at Ti(IV) 
isopropoxide.  
The deposition of SSG coating layers was carried out in segments of 50 or 
100 layers at a time to limit the amount of transportation of the sample. After 
each time the inverse opal segment was coated, the segment was removed 
from the coating chamber and characterized via SEM, EDS, XRD, and optical 
reflectance spectroscopy.  
SEM micrographs were collected after each group of coatings. 
Micrographs were collected from a number of areas at varying magnifications. 
One area in particular was imaged at 100,000 X magnification for analysis of the 
shrinkage of the inverse opal pore diameter. Figure 96 shows the change in the 




Figure 96: SEM micrographs of a particular section of inverse opal at 100,000X magnification 
showing the shrinking of the pores with increasing number of SSG deposition cycles. All 




The diameters of four pores were tracked during the coating process. 
Each pore was measured using the ImageJ software. The perimeter of each 
pore was carefully traced, and by setting the linear scale using the scale bar, the 
ImageJ software was used to calculate the circumscribed area. The pores of the 
inverse opal were approximately circular and so an effective radius was 








The calculated effective radius was used to evaluate the linear growth of 
the SSG coating. The four pores used in the analysis are shown in Figure 97. The 
effective radius obtained for each pore on: i) the blank sample, ii) after 100, 150, 




Figure 97: SEM micrograph of uncoated inverse opal segment with four red circles indicating pores 
that were analyzed. Areas were calculated by computer using the Image-j software. 
 From these measurements, both the as-coated per-cycle thickness and 
the fired per-cycle thickness were determined. The data show (Figure 98) that 
the coatings increase in thickness at a linear rate with respect to the number of 




Figure 98: Graph representing the number of coating cycles of 20%at Sn(IV) isopropoxide and 
80%at Ti(IV) isopropoxide on a silica inverse opal structure and its effect on the change in effective 
pore radius. Also shown is the effective pore radius of the inverse opal structure after firing in air at 
500C for 4 hr.  
 This method provided data on both the as coated thickness and the fired 
thickness. The fired thickness was validated using HRTEM (Figure 99). The HRTEM, 
performed by Ye Cai, was analyzed by the local TEM software and by ImageJ to 
determine the thickness of the fired tin-titanium oxide coating. The coating was 
measure at 10 locations. From the resulting data an average thickness and a 




Figure 99: HRTEM of a cross section of an inverse opal coated with 300 cycles of exposure to 20%at 
Sn(IV) isopropoxide and 80%at Ti(IV) isopropoxide solution and after firing at 500 °C for 4 hr in air. 
  
The as-coated thickness of the SSG coating on a cleaned silicon wafer 
was also determined by the scratch test. The silicon wafer was cleaned using IPA 
rinsing followed by DI rinsing, drying under dry N2 gas and 30 minutes of exposure 
to UV/O3. 100 SSG cycles were applied using a precursor solution of 20%at Sn(IV) 
isopropoxide and 80%at Ti(IV) isopropoxide in anhydrous isopropanol at a 
concentration of 25 mM. The AFM measurements were conducted after removal 
of a segment of the coating via use of the silicon wafer scratcher. AFM analyses 





Figure 100: AFM Scratch test for thickness of As-Coated 100 cycle 20%at Sn(IV) isopropoxide and 




 In-situ quartz crystal microbalance (QCM) analysis was used to measure 
the deposition rate on an amorphous SiO2-coated substrate. The QCM, 
described in detail in CHAPTER 5, measured the change in frequency and 





Figure 101: Graph of the change in frequency of a 5 Mhz quartz crystal with increasing number of 
coating cycles using a precursor solution with 20%at Sn(IV) isopropoxide mixed with 80%at Ti(IV) 
isopropoxide.  
The independent measurements of the per cycle thickness of the 20%at 
Sn(IV) isopropoxide mixed with 80%at Ti(IV) isopropoxide were compared to 
theoretical values. Because the coordination number of the cations and anions, 
in the precursor molecules, are 4 and 2, respectively, it is assumed that this is also 
the coordination upon deposition. Additionally, because 20% of the cations are 
tin and 80% are titanium, the effective Ti/Sn-O bond length was calculated by 
weighting the two bond lengths with their relative concentrations to produce a 
composite bond length.[5] The Ti(IV) isopropoxide and Sn(IV) isopropoxide 
molecules each have four ligands positioned in a tetragonal shape the effective 
growth of a single bond could be as little as cos 109.5 2⁄ = 0.5771 times the actual 
bond length. The theoretical values were thus calculated using the effective 
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ionic radii of tin, titanium, and oxygen in two geometric orientations (linear and 
at a 54.75° angle based on the geometry of the tetrahedral) with coordination 
numbers of 4 and 2 for the cations and anions, respectively. 
Table 8: Effective ionic bond radii for tin and titanium with coordination number 4 and for oxygen 
with coordination number 2. Linear single bond lengths of 80/20 mixture of Ti/Sn-O are calculated 
as well as an effective growth rate given at a 54.75 degree angle.[5] 
 Sn  Ti O Linear 54.75° Growth 
CN = 4/2 0.055 0.042 0.135 0.1796 0.1036 
 
For one cycle of the SSG method, the surface hydroxyls are reacted with 
isopropoxide group(s) to deposit the alkoxide, followed by rinsing and hydration 
where the other pendant isopropoxide group(s) are reacted with water to 
produce new hydroxyl(s). Thus, the maximum growth per-cycle for a monolayer 
is 2 times the bond length between one Sn/Ti and one O. This number could be 
less due to incomplete coverage of the surface or non-normal direction of 
growth from the surface.  
Upon crystallization, the effective per-cycle growth rate from the surface 
may be less due to crystallization of the amorphous material into rutile/cassiterite. 
Upon firing and crystallization, the coordination numbers for the cations and the 
anions become 6 and 3, respectively. Both rutile and cassiterite form body 
centered tetragonal structures, the lattice parameters of each material and a 
rule of mixtures approximation of their composite lattice based on Vegard’s law 
are listed in Table 9.[6, 7] 
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Table 9: Lattice parameters for rutile, cassiterite, and a calculated 80/20 mixture of rutile and 
cassiterite. [8]  
 Rutile Cassiterite 80/20 Mixture 
a (nm) 4.5937 4.7382 4.6226 
c (nm) 2.9532 3.1871 2.9998 
 
Because the Sn0.2Ti0.8O2 structure could be oriented in any direction, the 
effective layer thickness per cycle was calculated by first averaging the a and c 
lattice parameters of rutile and cassiterite to calculate the unit cell parameters 
of the mixture. Then the dimensions of the cation polyhedral were calculated 
(Figure 102).  
 
Figure 102: Figure of eight unit cells of rutile (2X2X2) showing the octahedral polyhera of eight 
oxygen atoms around each titanium.  
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Two growth geometries were identified as the shortest and the longest. 
The shortest was identified as the edge of the polyhedral in the c direction, and 
the longest was identified as the vertex to vertex distance. Figure 103 shows 
these two directions from the (110) direction. 
 
Figure 103: Figure of eight unit cells of rutile viewed from the (110) direction. The green arrow 
represents shortest direction of grown and the black arrow represents the longest direction of 
growth. 
The magnitudes of these two lengths were calculated by simulating the 
Sn0.2Ti0.8O2 structure in CrystalMaker and was also verified through the literature.[9]  
Each of the directions shown in Figure 103 was twice the magnitude of the 
theoretical per-cycle length so as to guide the eye. The shortest and longest two 
calculated lengths were 0.150 nm and 0.232 nm, respectively. The measured 
values of thickness on a per-cycle coating thickness for SEM, QCM, AFM, and 
TEM were compared to the theoretical thicknesses for an as-coated full 
monolayer and a fired monolayer, see Table 10. 
204 
 
Table 10: The determined thicknesses per cycle for Sn-Ti-O films both in the as-coated state and in 
the after firing. All values were in nanometers. Errors were represented as one standard deviation 
based on the measurements performed. Theoretical values assume a full monolayer is deposited 
each cycle. 
 SEM AFM/TEM QCM Theory 
As-Coated (nm) 0.188±0.021 0.206±0.012 0.239±0.037 0.207-0.359 
Fired (nm) 0.123±0.021 0.11±0.01 NA 0.150-.232 
  
The data above shows that the thickness of the coating can be reliable 
measured with a variety of methods as being sub-monolayer deposition. The 
above data is also represented in graphical form below in Figure 104. 
 
Figure 104: Graphical representation of the per-cycle coating thickness data that was measured 
via SEM, TEM, AFM, and QCM, as well as the theoretical maximum and minimums for a single 
monolayer of Sn0.2Ti0.8O2 both for as-deposited and fired coatings. All error bars were one standard 
deviation. 
 
6.5.4 SSG Cycles Effect on Inverse Opal Optical Reflection 
Inverse opal segments were coated with 50 to 300 cycles of Sn-Ti-O via a 
LbL SSG method using a mixed precursor solution of 20%at Sn(IV) isopropoxide 
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and 80%at Ti(IV) isopropoxide in anhydrous isopropanol at a concentration of 25 
mM. After each round of coating, the sample was optically characterized under 
white light illumination. Both optical images and spectra were gathered under 
the same lighting conditions. As the fill fraction of the inverse opal increased, the 
reflected light shifted from the blue into the green, to yellow and into reddish. 
This can be seen in Figure 105. 
 
Figure 105: Optical refection images of an inverse opal segment. Number in white box indicates 
number of SSG coatings and firing conditions where included. The increase in number of coatings 
yielded a distinct red shift from blue to green to yellow to pink, although after 200 SSG layers, the 
apparent color shift was less noticeable. 
In the optical images, it was difficult to see the optical effect of additional 






Figure 106: Spectral reflectance from incident WL normalized against a white reflection standard. 
Arrows indicate approximate locations of primary and secondary peaks when present. 
The spectra data represented in Figure 106 demonstrates the shifting of 
the reflected light with increasing thickness of Sn-Ti-O coating. Upon firing and 
shrinking of the coating, the peak reflection shifts back towards the blue, but 
remains red-shifted due to the rutile coating on the surface.  
 
 
6.6 Optical Approximation 
The position of the maximum reflection, or minimum adsorption, can be 
approximated by modifying Bragg’s law[10] with Snell’s law to account for the 
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change in angle of the incident light upon entering medium with a different 
refractive index. [11-13] In Bragg’s law, the angles are usually measured relative 
to the reflecting plane, and in Snell’s law the angles are usually measured from 
the normal of the plane, that is, these angles are complementary angles.  
 
Figure 107: Diagram of an incident beam of light on a layered structure representing the definition 
of the angle used in Bragg’s law and Snell’s law in this work.  
For consistency, all angles were defined in this work relative to the normal 
to the reflecting plane, represented in Figure 107, which causes Bragg’s law and 






𝑐𝑜𝑠 𝜃 (42) 
 
 
𝑛𝑜𝑢𝑡 𝑠𝑖𝑛 𝜃𝑜𝑢𝑡 = 𝑛𝑖𝑛 𝑠𝑖𝑛 𝜃𝑖𝑛 (43) 
 
Because the angle in Bragg’s law, 𝜃, is inside the diffracting material, it is 
equivalent to the 𝜃𝑖𝑛 of Snell’s law. Likewise, the 𝑛𝑎𝑣𝑔is equivalent to 𝑛𝑖𝑛. By 
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squaring Snell’s law and using the Pythagorean Theorem (Equation (44)) 
Equation (43) is transformed into Equation (45) . 
 
 




2 𝑠𝑖𝑛2 𝜃𝑜𝑢𝑡 = 𝑛𝑎𝑣𝑔
2 (1 − 𝑐𝑜𝑠2 𝜃𝑖𝑛) (45) 
 
By rearranging Equation (45) to solve for 𝑛𝑎𝑣𝑔 cos 𝜃𝑖𝑛, Bragg’s law can be modified 








2 𝑠𝑖𝑛2 𝜃𝑜𝑢𝑡 (46) 
 
Here, λ is the peak reflected wave length, dhkl is the interlayer spacing, m is the 
order of Bragg diffraction, Θout is the angle between the normal to the packed 
planes and the incident light, navg and nout are the indices of refraction of the 
average inverse opal structure and the air, respectively. Because the angle of 
the incident light is normal to the sample, Θ = 0, sin2(Θ) = 0 and thus Equation 








dhkl is the distance between crystallographic planes in a crystal structure. The dhkl 
value is based on the crystal plane in question and the unit cell parameter, a, as 







√ℎ2 + 𝑘2 + 𝑙2
=
𝐷√2
√ℎ2 + 𝑘2 + 𝑙2
 (48) 
 
Here, h, k, and l are the lattice are the values of the respective Miller indices, and 
D is the pore spacing of the inverse opal. Figure 99 shows that the structure of the 
inverse opal is not an ideal inverse opal, but instead is contracted in the z 
direction. This contraction is significant and causes the pore size to be an 
inappropriate metric to define the opal. Because the (111) plane is parallel to 
the top surface, the dhkl value for the (111) plane can be directly measured from 
Figure 99. By measuring the interplanar spacing associated with the (111), the 
effective D value was calculated to be 265.5 nm ± 0.3 nm.  
To find navg it was necessary to average the weighted index of refraction 
values of the fluid in the pores (in this case air), the coating, and the silica 
substrate. The index of air is 1, the index of silica is varies significantly with 




Figure 108: The refractive index of silica has significant dispersion so the index cannot be assumed 
to be constant over the full range of the spectrum modeled.[15] 
The index of the coating was determined for the as coated state and for 
the fired state. The dispersion of the Ti-O gel, the Sn-O gel, and the 80/20 ratio of 
those two values can be seen in Figure 109. The dispersion of the mixture was 
found using a simple rule of mixtures. 
 
Figure 109: Graph of the dispersion of Ti-O gel, Sn-O gel, and a 80/20 mixture of the two materials. 
The calculated value for the 80/20 dispersion was found using the rule of mixtures.[16, 17] 
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After firing, the mixture of Sn-O and Ti-O was crystallized into rutile titania mixed 
with cassiterite. Although cassiterite does not have significant dispersion, rutile 
shows significant wavelength dependence. The dispersion of both materials and 
the 80/20 mixture of the two materials are shown in Figure 110.[18, 19]  
 
Figure 110: Graph of the dispersion of rutile titania, cassiterite, and a 80/20 mixture of the two 
materials. The calculated value for the 80/20 dispersion was found using the rule of mixtures. [18, 
19] 
With the above values, navg was calculated using Equation (49). 
 
 𝑛𝑎𝑣𝑔 = 𝑛𝑠𝑖𝑙𝑖𝑐𝑎𝜙𝑠𝑖𝑙𝑖𝑐𝑎 + 𝑛𝑐𝑜𝑎𝑡𝑖𝑛𝑔𝜙𝑐𝑜𝑎𝑡𝑖𝑛𝑔 + 𝑛𝑎𝑖𝑟𝜙𝑎𝑖𝑟 (49) 
 
Here, the 𝜙s are the fill reactions and the ns are the index of refraction values of 
the constituents. To further refine the model, Dynamical Diffraction Theory (DDT) 






















Here in Equations (50)-(52), 𝜆𝐷 and 𝜆𝐵are the predicted wavelengths, and r is the 
ratio of the index of refraction values of the solid material and the air.  
 By using the above equations and values and by assuming that the 
conformal SSG coating grows evenly at the rate evaluated above, the following 




Figure 111: Graph of the comparison of the Bragg, DDT, and experimental peak reflection with 
various thicknesses of Sn-Ti-O SSG coating and after thermal treatment. Error bars on the 
experimental are the accuracy of the spectrometer and the accuracy of the accuracy of 
measurement of the produced spectrum, the error bars on the model include the standard 
deviation of the measured pore spacing and the assumed index of refractions.  
Figure 111 shows the modeled (111) plane reflection of the measured pore 
spacing. The experimental data fits the Dynamical Diffraction Theory model 
better than the Bragg diffraction model at higher numbers of coatings. However, 
at lower number of coatings, the Bragg model matches the experiment data 
closer. The closer match of the Bragg model at lower coating number, and DDT 
at higher number, may be due to strong scattering as the coating thickness 
increases. The inverse opal can be observed to be oriented in with the <111> 
direction parallel to the incident light, but other crystallographic orientations 
could be present. Because the crystal is an FCC structure, a plane with an hkl 
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combination of even and odd numbers is disallowed. But other orientations with 
only even or only odd values are allowed (e.i. (111), (200), (220), (311) etc.). With 
the uncoated inverse opal, these reflections are modeled to be present at 
around 481 nm (111), 417 nm (200), 295 nm (220), and 251 nm (311). All of these 
values are near the lower limit of the spectrometer and do not necessarily exist in 
the region being interrogated.  
The values of the model were kept constant, but the hkl values were 
varied for the four scenarios of the experimental data (200 cycles, 250 cycles, 
300 cycles, and 300 cycles and firing) where a secondary peak appears in the 
data.  If the secondary peak was from a secondary grain it may be identifiable 




Figure 112: Graph of the comparison of the experimental and modeled secondary reflection peak 
with various thicknesses of Sn-Ti-O SSG coating and after thermal treatment for various possible 
secondary crystallographic planes. Error bars on the experimental are the accuracy of the 
spectrometer and the accuracy of the accuracy of measurement of the produced spectrum, the 
error bars on the model include the standard deviation of the measured pore spacing and the 
assumed index of refractions. 
Figure 112 shows that the secondary peaks that appear in the blue region of the 
crystal are likely due to a grain oriented with either the (220) or (311) plane 
reflecting as opposed to the (111) which provides the main peak reflection.  
 
6.7 Concluding Remarks 
The effect of a submonolayer-by-submonolayer deposition of a mixed 
alkoxide precursor onto a silica inverse opal structure on the reflection spectra 
has been examined. The Sn-Ti-O coating was deposited via a mixed precursor 
SSG coating method. SEM, TEM, AFM, and QCM all agree with theoretical 
calculations for the thickness of the as-coated and as-fired coating thickness. All 
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of these methods confirm that the coating process resulted in submonolayer 
deposition per cycle. The reflected color of the inverse opal was tuned from a 
bluish color to a reddish color solely by coating with the amorphous material. 
Further, this research also demonstrated the effect of densifying that coating 
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APPENDIX A: QCM Flow Module Boundary Layer Calculations 
To confirm the validity of the kinetic rate limiting step of adsorption of Ti(IV) 
isopropoxide o nto amorphous silica, the boundary layer thickness was 
calculated for the full range of flow rates used in this research based on two 
models. The first model calculated the boundary layer based on the assumption 
that the flow was similar to that of flow over a flat plate. The second model that 
was used was based on a Lévêque-type equation which depends on the wall 
shear rate and is more commonly used in microfluidic conditions. The equations 
to calculate the boundary layer for flow over a flat plate and the Lévêque-type 









Here, X is the distance from the leading edge of the plate, Di is the diffusivity of 
the dissolved species, 𝑣 is the kinematic viscosity of the liquid, and 𝑉 is the 











Here, X is the distance from the leading edge of the plate, Di is the diffusivity of 










Here, Q is the volumetric flow rate, b is the height of the chamber, and W is the 
width of the chamber.  
 For both calculations of the boundary layer thickness, the diffusivity of the 
solute and the fluid properties of the solvent need to be known at the working 
temperature of 18 °C. The viscosity of isopropanol at 18 °C was found by plotting 
published data, fitting a line to that data, and calculating the appropriate 
value.[3-5] 
 
Figure 113: Graph of the kinematic viscosity of isopropanol with respect to temperature and a 
logarithmic regression fit to the data. [3-5] 
The equation from the logarithmic regression in Figure 113 was used to 
estimate the kinematic viscosity of isopropanol at 18 °C. The approximate value 
of the density of isopropanol was found using the same method, the respective 




Figure 114: Graph of the density of isopropanol with respect to temperature and a linear regression 
fit to the data. [6, 7] 
With the density and kinematic viscosity of isopropanol known, the dynamic 
viscosity was calculated using Equation (56).  
 
 
𝜇 = 𝜌𝜐 (56) 
 
Here, µ is the dynamic viscosity, ρ is the density, and ν is the kinematic viscosity. 
The dynamic viscosity was used to calculate the diffusion coefficient of Ti(IV) 









Here, Di is the diffusion constant, kB is Boltzmann’s constant, T is the absolute 
temperature, µ is the dynamic viscosity, and r is the estimated radius of the 
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solute. Because the Ti(IV) isopropoxide molecule is coordinated in the shape of a 
tetrahedral with isopropoxide groups at each vertex, the molecule can be 
considered approximately spherical. The radius of the solute can be estimated 








Here, MM is the molar mass of the solute (for Ti(IV) isopropoxide MM = 284.23 
g/mol), NA is Avogadro’s number, and ρ is the density of the solute (for Ti(IV) 
isopropoxide ρ = 0.971 g/ml). Using Equation (58), the effective radius of Ti(IV) 
isopropoxide was found to be 4.878 Å. With the effective radius and the 
temperature dependence of the physical properties of isopropanol known, the 
diffusion coefficient for Ti(IV) isopropoxide was calculated for a range of 
temperatures and was plotted in .  
 




The diffusion coefficient for Ti(IV) isopropoxide in isopropanol at 18 °C was 
calculated to be approximately 1.75E-6 cm2/s.  This value was used along with 
the physical properties of isopropanol to calculate the boundary layer 
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